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PREFACE 


Probably no phase of science has ever de\ eloped 
more rapidly than has the subject of genetics during the 
last decade The number of competent investigators 
has so increased the scope of investigation has so broad 
ened and the methods have so improved that there exists 
now an extensive literature on the subject The rapidity 
of its publication brings repeated changes m interpreta 
tion of the phenomena of heredity and keeps the subject 
in a state of flux For this reason it is difficult and per 
haps even dangerous to prepare a textbook on genetics 
Some of the views expressed in the manuscript may be 
out of date when the book is issued It is evident there 
fore that the ihatenal of the present text can represent 
only one author s interpretation of the status of genetics 
m 1923 

Plant Genettcs by John M Coulter and Merle C 
Coulter was published in 1918 The present text is 
more than a new edition of the earlier one since it repre 
sents a thorough revision of the material presented 
The former title was felt to be an unfortunate one since 
it seemed to imply that the geOetics of plants is some 
thing different from the genetics of animals Since the 
fundamental prmciples of inheritance are the same in the 
two groups of organisms and since it is necessary to use 
many of the results of animal investigation to illustrate 
certain points it is felt that a more appropriate title 
for the present text is Outhne of GeneHcs dotth Spec^al 
Reference to Plant Matertal 
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Preface 


The primary object of the text is to meet a definite 
need felt by botamcal students Such students in their 
contact with current botanical literature frequently 
encounter papers deahng with the genetics of plants 
and through lack of preparation are unable to grasp their 
significance Since this literature is far too important 
to be neglected it was thought advisable to provide such 
preparation in the simplest possible manner In addi 
tion to this need it is felt that the text will be useful 
to biological students for two important reasons In the 
first place the presentation is simple enough for students 
with little or no biological background to understand 
and m the second place the subject is brought more 
nearly up to date than in any earlier text This is 
especially important in view of the numerous significant 
investigations that have been made during the last year 
or two 

In order to adapt the text to a greater variety of 
needs and interests an arrangement of material is made 
by means of which it may be used either as an elementary 
text or as one somewhat more advanced The material 
presented m large t3;pe provides a simple account which 
may be read coherently without reference to the material 
m smaller t3^e The latter material presents a more 
mtensive treatment of certain phases of the subject and 
will be of mterest and value to those who wish to work 
out more thoroughly some of the details of investigation 
or apphcation 
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CHAPTER I 

THE BACKGROUND OF GENETICS 

Genetics or the expemnental study of heredity was 
an outgrowth of the study of evolution A very brief 
survey of the subject of evolution before 1900 will serve 
therefore to provide a background for the material of 
the present text by depicting something of what vas 
going on in the minds of biologists at the time that 
genetics had its birth It will also be useful to have before 
us some of the ideas of evolution as a means of suggesting 
a wider apphcation of the principles of genetics that are 
to be taken up 

Nothing need be said here of that phase of the evolu 
tion enterprise which concerned itself with convincing 
a doubting pubhc of the mere fact of evolution The 
other phase involving the presentation of explanations 
of the evolutionary process will be sketched bnefl> 

The vague ideas of evolution that occupied the minds 
of men during the earlier history of biology and the fan 
tastic speculative explanations that were proposed have 
little more than historical interest for us today These 
explanations were based upon meditation rather than 
investigation so that they resembled philosophy rather 
than science 

Around the latter part of the eighteenth century 
certam men (notably Erasmus Darwin Goethe and 
St Htlaire) developed more accurate notions of evolu 
tion based in good part upon their own observations 
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and proposed simple explanations of the process These 
explanations called upon the direct influence of the envi 
ronment but since little effort was made to analyze the 
process any further than this these theones have little 
value for us 

The first author to provide any thoroughgomg expla 
nation of evolution was Lamarck, and his theory of 
Use and dtsuse (i8oi) still commands the attention of 
biologists According to Lamarck the environment 
■was important not as a direct cause of evolution but 
merely as the occasion for evolutionary change When 
an animal came to hve under changed en'vironmental 
conditions possibly through migration it encountered 
certain new needs These new needs stimulated m the 
animal the desire to satisfy the needs FoUo-wing this 
the animal made a consaous effort to satisfy the needs 
and in this effort succeeded in exercising certain of its 
organs more than before This exercise resulted in the 
development of the part exerased At this point 
Lamarck mtroduces his basic assumption to the effect 
that acquired characters are inherited Whatever gam 
IS made m developing an organ through exercise is passed 
on to the progeny The progeny li-ving under the same 
environmental conditions and actuated by the same 
motives •will make some further gam in the development 
of the organ m question and in this cumulative manner 
the organ will eventually be developed to such an extent 
that a new species may be said to have originated 

The classic example which seems rather absurd in 
itself but ser\ es to illustrate Lamarck s ideas runs as 
follows The horsehke ancestors of the giraffe come to 
li\e in a ne'w and and environment such that the only 
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substantial forage is provided by the leaves of occasional 
trees These animals need to reach up to the leaves and 
therefore desire to do so Through a conscious effort 
to stretch up to the leaves their necks and limbs are 
exercised m such a way as to lengthen them The small 
gain in length possibly only an mch or less made dunng 
the lifetime of the individual is passed on to the progeny 
who are successful in addmg another inch The final 
result IS the giraffe This evolutionary scheme works 
also in the reverse direction as the result of degeneration 
through disuse 

Absurd as some of Lamarck s illustrations may seem 
he has really provided the elements of a complete and 
not unlikely explanation of evolution The major objec 
tion lay in his assumption of the inhentance of acquired 
characters Practically all of the earlier experiments 
on this problem seemed to demonstrate that inheritance 
of acquired characters is impossible and it was for this 
reason that the majority of biologists discarded 
Lamarck s theory Another objection lay in the fact 
that consaous effort was hardly to be expected among 
plants Lamarck of course recogmzed this obvious 
difl&culty and revised his theory in the case of plants 
where he claimed the changes were brought about 
through the direct effects of the environment citing such 
things as soil temperature moisture and mechanical 
pressure 

The next great explanation was presented m Charles 
Darwin s Origin of species in 1859 Darwin called 
attention to the geometnc ratio of increase among hvmg 
organisms and reiterated the doctnne of Malthits to 
the effect that any population tends to increase more 
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rapidly than the means of subsistence This increase 
tends to set up a severe struggle for existence or compe 
tition as the result of which an equilibrium of species 
IS established with approximately the same number of 
mdividuals of a given speaes survivmg year after year 
in any given locality Darwin next points out the 
umversahty of vanation among living orgamsms such 
that no two individuals of any species are ever absolutely 
identical As for the cause of vanation no explanation 
IS provided but the nature of vanation is rather clearly 
outhned Those vanations which are important in the 
evolutionary process are characterized as quantitative 
continuous and fluctuating By quantitative it is 
meant that the vanations are differences in the degree 
of development of some part or feature of the orgamsm 
When it IS said that the vanations are continuous the 
imphcation is that further vanations will take place in the 
same direction as the vanations that have taken place 
m the precedmg generations The term fluctuating 
indicates that reverse vanations will take place as 
freely as do the progressive vanations According to 
Darwin vanation of this type is going on in all organ 
isms Smce this is true and since a severe struggle 
for existence is taking place it is impossible to escape 
the conclusion that it is the fittest that survive If 
a given speaes is represented m a certain locality by a 
thousand young individuals no two of which are abso 
lutely alike and if there is only enough room or only 
enough subsistence for one hundred of them ever to 
reach matunty it must be true that in general it will 
be those that are the best adapted to cope with the 
conditions of the environment that are the ones to sur 
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vive while the rest pensh in the struggle The one 
hundred survivors are fitter than were the others of 
their generation because they happened to ha\e certain 
useful organs or processes somewhat more fully devel 
oped In the following generation some of the progeny 
wfil have the organs in question still more fully developed 
than did their parents while on the other hand there 
will also be some that have them less fully developed 
The former group wdl agam be chosen by nature to sur 
vive and perpetuate the spea.es and thus progress will 
be made m the direction of better development of useful 
organs until a degree of development has been attained 
which may be said to represent a new species The way 
m which nature manipulates these quantitative con 
tinuous variations of Darwin s to bnng about this 
progressive evolution or adaptation can be visuahzed 
more concretely from this simple diagram 
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The numerous objections to Darwin s theory cannot 
be discussed here suffice it to say that these objections 
were directed mamly at the adequacy of the Darwmian 
vanations m accounting for the results of evolution 
rather than at the idea of natural selection The sur 
vival of the fittest is a rather generally accepted idea 
The question whether the Darwmian vanations are 


(More poorly 
adapted forms 
perish m 
competition) 
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adequate can be considered *inore critically a little later 
in the hght of the more recent knowledge of inheritance 
Ihe third great explanation of evolution was offered 
by De Vries m 1900 This author was the first to base 
his conclusions on the results of his own experimental 
breeding rather than merely on the extensive observa 
tion of plants and animals in nature Judgmg from the 
behavior shown by Oenothera Lamarcktana (American 
evemng primrose) during the course of the ten or more 
generations that it grew m his garden De Vries con 
eluded that the real basis of evolution lay in the phenom 
enon of mutahon In addition to its normal pro 
geny O Lamarcktana produced in small numbers cer 
tarn distinctly new t3rpes the mutants The t3rpe of 
variation involved in mutation was distinctly different 
from the Darwiman being qualitative discontinuous 
and constant It was readily seen that the mutants 
involved quahtative changes from the parent inasmuch 
as entirely new characters were shown rather than merely 
the quantitatively greater or lesser development of cer 
tain of the parental characteristics It was equally 
plam that mutation was discontinuous the direction 
and nature of mutations bemg entirely unrelated to any 
of the mutations that had taken place in the past And 
finally the mutants were strikingly constant breeding 
true to their own characteristics rather than reverting 
in later generations to the ongmal parental type These 
mutational changes that De Vries studied intensively 
m Oenothera were later identified in other speaes as well 
The part that mutation may play m evolution is 
suggested by a consideration of the characteristics of the 
mutants Probably the majority of the mutants differ 
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from the parent form m such ways that they might n ell 
be called degenerates the new characteristics shown 
serve to adapt the mutant more poorly to the environ 
ment than the parent was adapted Other mutants 
may show changes only of an unimportant type so that 
they are neither better nor more poorly adapted than 
was the parent A few of the mutants (according to 
De Vries) may show such charactenstics as to be 
better adapted to the environment than was the parent 
form Upon this miscellaneous mass of mutants natural 
selection immediately comes to pla} quickl> eliminating 
the poorly adapted types and preservmg the good 
Thus De Vries holds with Darwin in invoking natural 
selection but the type of variations involved is dis 
tinctly different According to D arwin natural selection 
serves gradually to build up a new species according 
to De Vries numerous new species are born full fledged 
and natural selection merely decides which of them shall 
survive Objections to the De Vnesian theory will be 
mentioned later m this text m the light of some of the 
rather recent work in genetics 

In addition to these three great explanations of evolu 
tion there are a few others that should be considered 
briefly A number of authors (notably Dwid Starr 
Jordan in this country) have attached prunary impor 
tance to the pnnciple of isolation in evolution A 
few individuals of a speaes may migrate successful!} 
to a new locahty which is or may subsequently become 
suffiaently isolated by geographic barriers of one type 
or another from the ongmal locahty that no extensive 
return migration can take place The result is that a 
new colony is estabhshed which is suffiaently isolated 
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from tke parent realm that free crossing between the 
colomsts and the stay at homes does not take place 
Any chance variations that may have existed in the few 
ongmal emigrants will now have an opportumty to 
perpetuate themselves instead of being swamped out 
through free crossing with the other members of the 
parent species as would have happened if there had 
been no isolation Thus the various populations of a 
species that we see today somewhat isolated from one 
another have had a chance to express and later augment 
chance differences to such a degree that we may now 
regard them as different varieties With time the diver 
gence of characteristics between the isolated groups 
will become still greater 

The isolation theory as outlined above does not by 
Itself provide a complete ’ e:q)lanation of evolution 
It IS best to be regarded as a sort of a corollary to the 
Darwiman or DeVnesian schemes In either event 
it IS the pnnaple of natural selection that bnngs about 
progressive or adaptive evolution, while isolation either 
serves to multiply species on the same level through 
givmg chance variations an opportunity to express 
themselves and become augmented, or else it serves to 
enlarge the scope of natural selection by thrustmg repre 
sentatives of the species mto a somewhat new environ 
ment or by presentmg natural selection with a slightly 
new population from which to make the choices 

Another matter that should be mentioned is ortho 
genesis Orthogenesis may be regarded either as an 
explanation of evolution or merely as the name of a 
phenomenon There is considerable evidence support 
mg the behef that the variations (or at least many of 
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them) that take place in living organisniB are aetcrminate 
taking place along predetenmned hnes i» a i redictable 
direction rather than tndeterimnate with an equal chahce 
of their taking place in any direction, as the other theones 
would have it For example if a variant is shghtly 
dwarfed as compared with the parent type there will 
be among the descendants of this vanant a further vana 
tion mvolving greater dwarfedness and subsequently 
more changes will take place all involvmg further steps 
along this same predetermined line The direction of 
the variations is not necessarily related to any environ 
mental demand 

A few authors regarding orthogenesis as an explana 
tion of evolution have visualized an mtnnsic force 
in the organism which guides the variations Since this 
view has a vitalistic flavor it is not popular among saen 
tific men More often it is simply recognized that a 
certain amount of variation of this sort does take place 
and orthogenesis is the name given to the phenomenon 
various quite materialistic explanations havmg been 
proposed to account for it 

Evolution through hybndization is a theory that 
was suggested by Weismann some decades ago and has 
recently been developed and championed by Lotsy 
It IS a fact well known among biologists that crossing 
two distmct t3q)es may result in the second hybrid 
generation in a few new and pure breedmg forms some 
what different from anythmg that had previously 
existed Lotsy has shown by experiment that when 
such new forms (from AnUrrhvnum crosses) are returned 
to grow under natural conditions nature will select 
some of the types to survive but will qmckly eliminate 
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the others While there is little question that natural 
hybridization takes place and may be a real factor m 
producing new varieties at the same time this theory 
IS not satisfactory as a complete explanation of evo 
lution It seems rather obvious that although hybridi 
zation can multiply variations through crossing forms 
that are alread> different from each other it can never 
account for the onginal differences 

In considenng the relative merits of these different 
explanations there are three things that it is useful 
to bear in mind First it is certainly not necessary to 
subscribe to a belief in any one of the theories to the 
complete exclusion of the others It is quite possible 
that every one of them may be a factor in evolution 
and altogether probable that no one of them by itself 
can adequately account for all of the evolutionary change 
that has taken place 

Second it is not advisable to contrast these explana 
tions as though they were coordinate units The prob 
lem of evolution is not a smgle problem but a complex 
of numerous ones and any proposed explanation of 
evolution is confronted by the necessity of answering 
several distinct questions The conspicuous questions 
to be answered are 

1 What IS the cause of variation^ 

2 What is the nature of the variations that are 
important m evolution^ 

3 How may variations be perpetuated and multiphed ^ 

4 How are the vanations manipulated to effect 
progressive evolution? 

It will be noticed that Lamarck goes farther than 
any other author m answering question i Orthogenesis 
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and the hybridization theory pro\ide suggestions on 
this point but the suggestions are hardly satisfactor> 
For question 2 rather distinct answers are provided by 
Lamarck Darwin DeVries and the orthogenesis 
theory It is m answering question 3 that the isolation 
theory and the hybridization theory have their chief 
value Question 4 is indirectly answered m one way by 
Lamarck and indirectly answered in another way in 
the orthogenesis theory while all the other theones 
plainly call upon natural selection to answer this ques 
tion If the theones are to be compared it can safely 
be done only after some such analysis as this 

Third discussion of evolutionary theones usually 
leads to the realization that more exact experimental 
evidence is needed before much further progress can be 
made in solving the problems of evolution Such has 
been the actual history of the case for with the begm 
ning of the twentieth century the study of evolution 
culminated in and became diverted into genetics the 
expenmental study of inheritance Of course genetics 
has not answered all of the questions that have presented 
themselves in connection with evolution but many criti 
cal and suggestive findings have been made as wiE be 
seen m the following chapters and unquestionably 
genetics will contribute a great deal more in the next 
few decades 
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THE INHERITANCE OF ACQUIRED 
CHARACTERS 

At the basis of genetics lies the fact that variation 
occurs in all hving organisms It is possible to classify 
variations in a number of different ways At the out 
set it IS important to realize the distinction between non 
heritable and heritable variations As for the former 
it IS usually evident that these originate as responses on 
the part of the orgamsm to environmental stimuli Ac 
quired characters of this sort however are of httle sig 
nificance m genetics masmuch as they are not passed on 
from parent to offsprmg It is the heritable variations 
that ^ovide the material of genetics and the origin of 
these is a matter of considerable controversy For the 
most part they are ascribed to mutation meamng that 
their ongm is sudden and spontaneous seemingly unre 
lated to environmental stimuli There is some evidence 
however which suggests that heritable variations may 
originate as acquired characters It will be appropriate 
at this point to discuss the controversy on inheritance of 
acqmred characters 

The idea of mheritance of acquired characters was 
first clearly developed by Lamarck m connection with 
his explanation of evolution the so called theory of 
appetency or the effect of use and disuse Francis 
Gaxton m 1875 was one of the first to express skepti 

A serviceable set of classifications is provided by Babcock and 
CL4XrSSEN (i) 
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asm m regard to such mhentance but it was Weis 
MANN (i*/) who was most influential m combatmg 
the idea After Weismann s presentation of the sit 
nation biologists were divided mto two camps in 
reference to the question (i) neo Lamarckians who 
afiirmed behef in mhentance of acquired characters 
and (2) neo Darwimans who demed it Until very 
recently at least the bulk of the evidence of genetics 
has served to refute mhentance of acquired charac 
ters 

Much of the lack of agreement in this controversy 
is due to the defimtion of an acquired character It 
should be kept m mmd that actual characters are not 
inhented but only the determiners which regulate the 
way m which the orgamsm reacts to its environment 
For example when it is said that a child inhents its 
father s nose the statement is not meant to be n eraUy 
true it IS meant that just as there was something in the 
body of the father that was responsible for the develop 
ment of a particular t3q)e of nose so there was a similar 
something in the child s body that developed a similar 
result It IS merely a matter of convemence to speak 
of the inheritance of characters 

Weismann defined an acquired character as any 
somatic modification that does not have its ongm m the 
germ plasm This defimtion is not always easy to 
apply Examples of acquired characters m the Weis 
MANN sense are mutilations results of function (as in 
the use or disuse of certain organs) many diseases that 
affect the bodily mechamsm and to use a rather \ague 
expression effects of environment Weismann gave 
three reasons for rejecting the behef m inheritance of 
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such characters (i) there is no known mechanism by 
which somatic characters may be transferred to the germ 
plasm (2) the evidence that such a transfer does occur 
IS inconclusive and unsatisfactory and (3) the theory 
of the contmmty of the germ plasm is sufficient to account 
for the facts of heredity 

When Weismann says that there is no known mech 
amsm by which somatic characters can be transferred to 
the germ plasm to him it is equivalent to sa3nng that it 
IS hard to see how the water that has gone over the dam 
can return and affect the flow of the water upstream 
He assumes of course that the germ plasm is isolated 
from the somatoplasm very early in the development 
of the fertilized egg mto an mdividual and that when it 
IS isolated it takes no active part in the history of the 
body (see fig i) The somatoplasm is thus merely 
a earner of the germ plasm and is unable to affect 
the character of it any more than a rubber hot 
water bag although capable of assuming a variety of 
shapes can affect the character of the water it contains 
(Walter 18) 

This early differentiation of germ plasm and body 
plasm has been demonstrated rather strikingly in several 
animals In Ascarts megacephala the following cyto 
logical situation was demonstrated by Boveri m 1903 
(Doncaster 7) Following the first division of the 
zygote the two daughter cells come to differ from each 
other through the apparent degeneration of some of the 
cell constituents m one That daughter which mam 
tarns the full cell equipment of the zygote thereby per 
petuates the capacities of the germ plasm while the other 
daughter which has lost certain visible cell constituents 




Fig I —Di i ram illustrating Weismann s theory of germinal con 
tinuity Three gene ations are represented w th cells of germ plasm 
shaded and those of body plasm unshadec germ plasm continuous from 
generation to generation carried over from parent to offspmg by zygote 
(Z) impossible for body plasm to perpetuate itself mto a second 
generation 
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starts a line of purely body plasm cells A similar 
differentiation occurs between the granddaughter cells 
from the fully equipped daughter and so on for two more 
divisions so that finally there are fifteen body plasm 
cells and but one germ plasm cell the germ cells of 
the adult individual can all be traced to this single 
mitial 

A somewhat similar program has been traced m Chry 
somehd beetles where after numerous segmentation 
divisions some of the nuclei associate with certain gran 
ules and it is these nuclei that start the germ plasm 
Hegner (Doncaster 7) has succeeded in artificially 
destro3nng these granules by means of a hot needle 
thus producmg embryos without germ cells 

Equally striking situations have been demonstrated 
m other animals as well but nothmg of the sort has 
ever been found m plants Germ cells in plants are 
formed from hypodermal and even epidermal cells 
which durmg earher ontogeny are apparently identical 
with other somatic tissues Here there is surely no dis 
tmct germ plasm isolated from body plasm and msulated 
withm it from environmental influences In fact there 
are cases m which adventitious” germ cells have been 
seen to form from tissues which normally are quite as 
somatic as any plant tissue could be In this connection 
it is worth mentiomng that Bateson (2) suspects plants 
as genetic machines differ fundamentally from animals 
this idea being suggested to him m good part by the 
fact that m the animal the rudiments of gametes are 
often visibly separated at an early embryomc stage 
whereas m the plant they are given off from persistent 
growmg pomts ’ 
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A general theoretical objection to Weismann s view 
IS that every organism is a physiological as well as a 
morphological umty and that cells completely insulated 
in such a umty would be impossible Cytologists also 
have come to beheve that there are protoplasmic con 
nections between adjacent cells m practically all plant 
tissues and m general physiology tends to confirm 
this Such suggestions voice a growing behef that the 
body plasm can affect the germ plasm 

The reply of the Weismanmans is that even though 
somatoplasm imght affect germ plasm m this general 
physiological way this is a very different thmg from the 
inhentance of some defimte acquired character To be 
inherited such a character would have to be exactly 
redeveloped m the germ plasm and the influence referred 
to cannot be so specific as that This of course is a 
theoretical answer and the question can only be decided 
by experimental work A theoretical rejoinder to this 
answer may be suggested It is like the voice m a tele 
phone transmitter which starts vibrations that make 
the receiver repeat the voice (Somethmg more defimte 
on this matter will be considered a little later ) Before 
arnvmg at anything like a conclusion on this matter 
it will be necessary to consider some of the claimed cases 
of inhentance of acquired characters 

I Mutilations —Most of the evidence under this 
head is m relation to animals It is a matter of common 
experience that mutilations are not inhented in man 
and the domesticated animals A few quotations from 
Walter (18) suggest the situation 

It IS fortunate that the sons of warriors do not 
inhent their fathers honorable scars of battle, else we 
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would now be a race of cripples The feet of 

Chinese women of certain classes have for centuries 
been mutilated into deformity by bandages without the 
mutilation in any way becoming an inherited char 
acter The progressive degeneration or crippling 

of the little toe in man has been explained as the inherit 
ance of the cramping effect of shoes upon generations of 
shoe wearers but Wiedersheim has pointed out that 
Egyptian mummies show the same crippling of the 
little toe and no ancient Egyptian could be accused of 
wearing shoes or of having shoe wearing ancestors 

Sheep and horses with docked tails as well as dogs 
with cropped ears never produce young having the 
parental deformity Weism4NN s early experiments 
with mice later verified by other investigators give 
additional evidence that mutilations are not inherited 
He bred mice whose tails had been cut off short at birth 
and continued this performance through twenty two 
generations with absolutely no effect on tail length 

Very little serious consideration has been given to the 
possibility of inheritance of mutilations in plants Cut 
tings for propagation are usually trimmed to prevent 
excessive transpiration but no one ever expects to find 
this mutilation perpetuated even in the plant developed 
from the cutting much less in the next generation devel 
oped from seed In fact since we have begun to learn 
of the remarkable powers of regeneration possessed by 
plants and ammals we would not expect the inheritance 
of mutilations 

There i one bit of work that should be mentioned in this con 
nection Blaringhem (3) claims to have procuied from a single 
injured individual a line of maize plants that show a varying per 
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centage of double and sometimes triple grains The author calls 
this a typical case of inheritance of acquired characters but A.meri 
can investigators have hesitated to accept this interpretation of 
the phenomenon Characters of practically the same sort have 
been observed to originate in other cases in corn not known to 
have been injured in any way 

2 Effects of use and disuse —^Inhentance ot 
the effects of use and disuse lay at the foundation of 
Lamarck s theory of evolution Weismann was sue 
cessful in discrediting this behef by explaining on some 
other basis practically all of the supposed examples of 
this phenomenon that had been advanced In plants 
of course it would be hard to find anything exactly 
analogous to the use and disuse of parts in animals 
Lamarck himself did not attempt to apply quite the 
same theory to the plant kingdom 

One fact however is a common experience ot botanists 
Functionless organs gradually become aborted become mere 
vestiges or even suppressed entirely For example a stud\ of the 
organogen> of flowers shows that when a floral member is belated 
in its development it is destined soonei or later not to appear at 
all The following theoretical Weismannian (or Darwinian) 
explanation of this situation is suggested \ given species has a 
given nutritive capacity the less it draw upon its nutritive 
capital for the development of one organ the more it has available 
to expend on the development of other organs When an organ 
becomes functionless it no longer has any survival value sur\ ival 
is then dependent upon the relative development of the other 
organs Through variation certain individuals develop the 
functionless organ less than usual and therefore develop the other 
organs more than usual Under the new conditions these individ 
uals will survive and the others will be eliminated Gradually 
abortion of functionless organs would take place in this wa\ 
One would expect that the rate of change would be roughly pro 
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portional to the size of the organ involved and that any retrogres 
sive evolution of this sort would be slower than progressive evolu 
tion 

3 Diseases —Roughly speaking diseases are either 
the results of infection by bacteria or fungi or some inher 
ent organic weakness Since the latter condition is 
chiefly serious only in inviting attacks by bacteria and 
fungi we are concerned chiefly with diseases caused by 
these pathogemc forms Reahzing this true inheritance 
of disease seems to be an impossibility for if the parasite 
enters the germ cell it is practically sure to destroy it 
and there wfll be no progeny It is true that in many 
cases progeny are born diseased but this is due to rein 
fection of the young embryo from the body of the mother 
Many examples of this phenomenon are available in man 
and other mammals In plants also diseases (e g 
smut) are sometimes passed on by means of spores car 
ned upon or even within the seeds Such a thing how 
ever can m no sense be spoken of as inheritance since 
It always mvolves a remfection 

In one respect however one may speak of disease 
inheritance Breeding experiments have shown that 
predisposition to disease and disease resistance com 
monly called susceptibihty and immunity are inherited 
In practically aH cases these characteristics are evidently 
of germmal ongm havmg been hereditary in the begin 
mng rather than acquired Such cases of course have 
no bearmg on the present problem There remain a 
few mstances however that rather suggest the inherit 
ance of acquired characters 

Guvee. and Smith (io) by inoculating female rabbits 
either with typhoid vaccme or with the hvmg baalli 
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have succeeded not only in building up a high resistance 
to typhoid in these female rabbits themselves but in 
securing from them progeny with a high resistance In 
fact rabbits of the third generation have still shown a 
high immumty which could have come only from their 
grandmothers The hkehhood however is that this 
immumty is not passed on through the germ cell itself 
but IS reacquired ’ by offspring while in utero and 
nourished by the blood stream of the mother This of 
course would again be merely a case of ‘transmission 
rather than true inheritance The passing on of such 
an acquired immunity from the male parent to the pro 
geny would constitute a convincing demonstration of 
inheritance of acquired characters but such a demon 
stration has not as yet been made 

It js suspected that a situation similar to the foregoing exists 
also m man Racial immunity is believed by some medical men 
to have been buUt up not onlv through a natural selection of 
immune types but from the passing on from mother to offspring 
of acquired immumty 

There is one fairly well known case of this sort in the 
plant kingdom Bolley (4) claims that he can get a 
resistant strain of flax from almost any known varietj 
According to him the resisting ability increases from 
generation to generation if the crop is constantly sub 
jected to disease attack He took a pure pedigreed 
strain of flax which had come originally from a single 
non resisting seed This was planted in shghtly sick 
soil that IS soil mfected with the wilt producmg organ 
ism Most of the mdividuals died but a few scrubs 
survived He then planted seeds from these m shghtly 
sicker soil than before and thus by gradually work 
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ing his crop into sicker and sicker soil in the later genera 
tions he finally obtained a fully resistant strain from the 
pure non resistant strain with which he started Such a 
stram he says will not lose its resistance if planted 
progressively in more infected soils He gives the fol 
lowing theoretical explanation of his results 

Either (i) the so called unit character of resistance 
was present in undeveloped form and becomes stronger 
from year to year under conditions of disease or (2) there 
never was any character present which is entitled to be 
called a umt character but it began to develop the 
first year the parent plant came in contact with the 
disease and the protoplasmic nature of the ancestors of 
the plants which we now have has been such that they 
accumulated more and more the resisting power from 
year to year just as they had opp>ortunity to develop 
resistance against a constantly acting factor of disease 
which when too powerful acts as an eliminating factor 
Bolley inclines to the second alternative This 
general conception seems to explain why home grown 
seed is regularly more resistant than seed from the same 
variety which has had a vacation away from home for 
several years It has kept in traimng like a football 
player Bolley says that if these conclusions are cor 
rect there are probably no umt characters which are not 
fluctuatmg and there are no fluctuating characters 
which may not readily be fixed 

These results are striking enough but their signifi 
cance depends entirely upon the purity of the strains 
which were used originally and also upon the preserva 
tion of purity durmg the experiment Bolley s phrase 
ehmmation factor which he uses repeatedly, might 
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be taken to suggest selection from an impure strain It 
his conception is true it could be demonstrated b> de 
\ eloping a large majority of resistant mdmduals among 
the non resistant plants which were first subjected to 
disease attack rather than merely a few scrubs The 
results as they stand could probably be interpreted as 
due to the selection of a few resistant individuals from 
an impure strain 

From the foregoing cases it becomes rather evident 
that so far as mutilations effects of use and disuse and 
diseases are concerned inhentance of acquired characters 
has not as yet been satisfactorily demonstrated either 
in the plant or animal kingdom One more category 
of cases however remains to be considered 

4 Effects of environment —This heading is suflS 
ciently inclusive to include a number of types of cases 

It has now been some years since Castle (6) per 
formed his classic experiment on guinea pigs Animals 
with white coats will have only white coated progeny 
while a pair with black coats provided both male and 
female come from a pure stock will have only black 
coated progeny Using only animals from pure stock 
Castle removed the ovaries from a white coated female 
and transplanted them into the body of a black coated 
female The mating between this black coated foster 
mother and a white coated male resulted in a progeny 
all of which had white coats Evidently it was the germ 
cells alone that were effective in determimng the char 
acter of the progeny The deasive results of this expen 
ment were very influential in refuting the concept of 
inheritance of acquired characters At the same tune 
it must be borne m mind that whereas such a superfiaal 
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character as coat color might not respond to artiiiaal 
mampulation of the germ cells it is stiU possible that 
there are other characters more fundamentally tied up 
with the metabolism of the orgamsm that could be 
affected by such treatment 

Numerous experiments confirmed these findings of 
Castle s but there was one field of investigation from 
which rather contradictory results began to be accumu 
lated The numerous studies that have been made dur 
mg the last few years on inheritance m the microorgan 
isms have been ably summarized by Jennestos (13) 
Here there appear some striking indications of inheritance 
of acquired characters 

The germinal or genot5q>ic constitution in most 
orgamsms is extremely stable m many stocks it changes 
not at aU, so far as observation goes To alter it by 
physical or chemical agents is usually to kill it In 
some of the lowest orgamsms—^rhizopods bacteria some 
infusona—it changes with somewhat greater frequency 
though still rarely The nature of the changes and 
whether they may be permanent, or must after genera 
tions revert to the original condition is in some dispute 
In these same organisms environmental agents may pro 
duce changes persisting through many generations of 
umparental reproduction and even through biparental 
reproduction the period of persistence dependmg partly 
on the number of generations through which the pro 
ducmg agent acted This suggests that inherited char 
acters as permanent as any that exist might in time be 
so produced In spite of important differences of opimon 
among investigators to the reviewer the facts in um 
parental reproduction seem to pomt more toward the 
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production of esolutionary change by the action of the 
cnxironment on the germ plasm than by an> ot the 
other methods 

This behavior on the part of some of the lower organ 
isms difficult to interpret without the assumption of 
inheritance of acquired characters fostered the following 
belief In higher animals where germ plasm and body 
plasm are sharply differentiated inheritance of acquired 
characters is an impossibility in the simpler orgamsms 
however germ and bodj" plasm are doubtless one and the 
same thing with the result that a certain amount of 
inheritance of acquired characters can and does take 
place Such an opinion would not be out of harmony 
with the views of Weismann who was early forced to the 
belief that inheritance of acquired characters must take 
place in the more primitive orga n isms 

The opimon of the biological world was becoming 
fairly well settled on this matter when Guyer s startling 
results (9) were published It will be seen that Guyer s 
methods strike at the germ plasm more directly than 
any that had previously been tried 

Gnnding up the eyes of white rabbits Guyer pro 
cured a lens extract This was injected into the blood 
stream of f( wls There since the lens extract was a 
foreign and inharmonious protein a reaction took 
place which resulted in the production in the blood 
stream of an antibody (following the same principles 
which apply to the production of antitoxins in medicine) 
This particular antibody had the peculiar property of 
precipitating or in some way rendenng functionless 
the characteristic protein of rabbit lens The property 
IS quite specific so that this antibody may appropnately 
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be spoken of as anblens Serum obtained from the 
blood of fowls thus sensitized and therefore contain 
mg antilens was mjected into the blood stream of nor 
mal white rabbits No noticeable modification was 
obtained m any case upon adult rabbits that were so 
treated 

When however the serum was mjected into pregnant 
mother rabbits starthng results were obtamed Some 
of the resultmg progeny had eyes that were clearly defect 
ive Furthermore the abnormality was readily trans 
imtted through the female hne for quite a number of 
generations without any additional mjections being 
made The defect did not decrease m degree but seemed 
even more pronounced m the later generations 

At this pomt a few questions might be asked Have 
such eye defects ever been known to occur among 
untreated white rabbits is this the sort of thing that 
rmght appear spontaneously through mutation or a 
recessive character that might have been segregated out 
through mbreeding as is true of so many other functional 
abnormahties ? Careful mquiry has revealed the fact 
that no such eye defects have been reported elsewhere 

Agam IS this the sort of thing that might be expected 
to result from any sort of mutilation or is it a speafic 
response to a specific stimulus ? This question is clearly 
answered by the behavior of the controls Untreated 
pregnant mothers mothers treated with serum from 
unsensitized fowls and mothers treated with serum from 
fowls that had been sensitized to rabbit tissues other 
than lens never gave any defective progeny 

An even more cntical question is the following is 
this another case of transmission rather than true inhent 
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ance whatever may be the material basis of the defect 
i\e e>es is it regularly passed from the bod\ of the 
mother to the young in utero rather than through the 
germ cell proper > The answer to this question was early 
suggested by the following facts Later htters from the 
mothers that had originally been treated never contained 
any defective mdividuals The influence of the anti 
lens seems to die out in the blood stream suggestmg 
that it IS only by bemg incorporated in the germ plasm 
that the character can be perpetuated A more con 
vmang demonstration of this pomt appeared m the 
later experiments Males with defective eyes when 
mated with females from a normal Ime produced only 
normal offspring When however these same males 
were remated with their own daughters from the fore 
going cross a certain number of defective offspring 
resulted Evidently the abnormahty can be passed on 
by a male parent it behaves in inheritance like a Men 
delian recessive character Inasmuch as the male parent 
exerts upon the progeny no influence beyond what is 
contained in a single male gamete and inasmuch as this 
gamete is practically nothing more than a nucleus the 
foregoing amounts to about as clear a demonstration of 
inheritance of acqmred characters as would be possible 
The very defimte results of this set of experiments are 
sufSaent to prove that inhentance of acquired char 
acters can take place even in one of the higher animals 
where germ plasm and body plasm must be as sharply 
differentiated as anywhere It is equally true however 
that only very special conditions can produce the result 

A word might be said on the theoretical mechanism mvolved 
Guver proposes that there is some degree of constitutional 
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identity probably protein homology between the mature sub 
stance of a tissue and its correlative in the germ and that basi 
cally inheritance is mainly a question of the perpetuation of spe 
cific protein complexes and development the result of differential 
reactions of these same fundamental constituents under different 
conditions of environment Is it unreasonable to suppose that 

if changes come to pass which affect certain constituents of tissue 
cells this influence if borne in the circulating fluids of the body 
could also affect the homologous constituents of the germ cells ^ 

The same result has been obtained by the direct injection of 
lens extract into the blood stream of the rabbits themselves It 
IS perhaps surprising that rabbits will manufacture antibodies 
for one of their own tissue It is evident that they do however 
and thi brings us a distinct step closer to something that m ght 
occur under natural conditions If degenerating eyes may them 
selves ongmate antibodies which m turn affect the germ cells the 
cardinal pnnciple of Lamarck s theory of evolution through 
inhentance of acquired characters must be conceded 

The fact that the eyes of the pregnant mothers were n no case 
themselves affected does not necessarily recommend the assumption 
of susceptibility only in the embryomc state but is doubtless 
due merely to the fact that there is a relatively much greater blood 
supply to the lens of embryo rabbits than tho e of adults 

The experiments cf Griffith and Detlefsen final results of 
which have not yet been published promise to provide an equally 
good demonstration of inheritance of acquired characters in mam 
mals (see Science 56 676-678 1922) 

A few examples of the supposed inheritance of the 
effects of environment in plants should be considered 
Zedebaur. found that Capsella which in the course of 
many years had gradually crept along the roadside up 
mto an alpme habitat and there acquired alpine char 
acters retained these characters when transplanted to 
the lowlands This has been accepted by some as an 
authentic mstance of mhentance of acquired characters 
but it IS possible that this conquest of an alpine habitat 
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by Capsella can better be explained by the gradual natu 
ral selection of just those germinal \anations that seat 
fitted mdividuals to cope with alpine conditions Ihi 
would result in the gradual establishment of a strain 
of germ plasm that would produce body structures fitted 
to alpme conditions In other words this is just the 
way m which natural selection would develop a new 
elementary species from the original t3rpe If such a 
type were estabhshed of course its germ plasm would 
produce alpine plants even under lowland conditions 
The> might not survive long and natural selection might 
eliminate them but their structure would be due not to 
the inheritance of somatic structures but to the inherit 
ance of an alpine germ plasm 

The objection to Zedebaurs conclusions on the 
grounds that the result may be attributed to natural 
selection has been avoided b> the famous experiments 
of Bonnier (5) In 1884 this investigator began mak 
ing plantations in the lowlands and at \anous altitudes 
in the Alps so arranged that the two individuals to be 
compared were produced by dividing one plant A-fter 
a lapse of over thirty years he has made the following 
report A few of the plants taken from the plains to 
alpine stations died but a list is given of fifty eight species 
that proved able to maintain themseh es at high altitude 
These have all undergone changes which make them 
closely resemble indigenous alpme plants In at least 

The principal changes are relatively large development of the 
subterranean as compared with aerial parts shortening of the lea\ es and 
of the internodes of stems increased hairiness and relati ely larger 
development of bark and protective tissues The leaves become thicker 
in proportion to their surface and are a deeper green with more highly 
developed palisade tissue and a larger number of chloroplasts while 
the flowers are larger and more hi hly colored 
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seventeen speaes the changes are so great that the plants 
have apparently been transformed into distinct alpine 
‘ ^eaes The reverse experiment transplanting alpme 
plants to the lowlands gave similar but less startling 
results 

These experiments as they stand are really more serv 
iceable to the ecologist than the geneticist The geneti 
ast wishes to know whether the transformations will 
maintain themselves when the plants are returned to 
their original stations and propagated by seed Bon 
NIER has as yet made no clear statement on this latter 
pomt 

An mterestmg issue arises in this connection If the 
transformed plants after bemg returned to their original 
stations revert in the course of a number of generations 
are we to conclude that mheritance of acqmred char 
acters has not taken place ^ Should we not rather expect 
that if inheritance of acquired characters takes place 
under a given set of conditions the reverse conditions 
wiU bring the reverse change accordmg to exactly the 
same pnnaple ^ Such work as that of Bonnier may 
eventually demonstrate that inhentance of acquired char 
acters is a possibihty in plants though it may fail to 
demonstrate that irreversible evolution can be brought 
about through inheritance of acquired characters The 
latter can be fully demonstrated only when an acquired 
character comes to be represented by a gene or set of 
genes in the germ plasm which are as definitely and 
permanently a part of the hereditary complex as any 

It IS of course true that some evolutionary changes are probably 
irreversible (Herrick 12) but such changes are probably not m\olved 
m the Bonnier expemnents 
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of the pre existing genes Such a demonstration has as 
yet not been approached among higher plants it is ap 
proximated for animals by Guyer s white rabbit expen 
ments 

Attention should be called to another phenomenon 
which can easily be confused with inhentance of acquired 
characters If com is planted m poor soil weak indi 
viduals result Seed from these weak individuals when 
planted m good soil will develop again somewhat weak 
ened mdmduals suggestmg the inhentance of acquired 
characters This however is merel> the direct effect 
of environment contmuing through the second genera 
tion The weak mdividuals m the poor soil develop 
small seeds with low nutntive capacity and plants 
developed from abnormally small seeds are always weak 
whether the individual that produced the seed grew m 
poor soil or not 

There has been fairly good agreement on the pomt 
that trees deformed by prevaihng winds like the willo'w s 
that hne the canals in Belgium and Holland or storm 
crippled trees along exposed seacoasts do not produce 
progeny showing these characters when the adverse 
environmental conditions are removed Mayr (15) has 
written a notable work on silviculture m which he claims 
that only species characters are inhented m trees and 
that the effects of climate are not inherited and there 
fore that the source of the seed makes no difference In 
other words seeds of Scotch pine would always produce 
Scotch pme progeny no matter at what latitude or alti 
tude the ancestors had been growmg Accordmg to 
Mayr therefore there is no inhentance of acquired 
characters m trees 
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Dr Aknold Engler (8) found however that in the 
seedhngs in his nursery growth in height distinctly 
decreased as the altitude or latitude from which the 
seed came increased He also found that seeds from 
pmes which had been crippled by growing in poor soil 
conditions gave rise to crippled plants when grown in 
good soil In many cases trees of the third generation 
still showed the habit acquired by their grandparents 
in different habitats 

These are striking results but it is well to bear in 
mind all of the possibilities Engler might have been 
deahng with slightly different strains of trees differing 
m germmal constitution or it may have been another 
case of the false inheritance of acquired characters 
that was explained m connection with corn Seeds 
from higher latitudes and altitudes might well have been 
smaller so that we should have expected smaller progeny 
even when grown in the lowlands 

There are several examples of what seems to be 
inhentance of acqmred characters in simpler plants but 
opmion IS not settled on mterpretation of results Jen 
N iNGS statement (see p 24) includes the bacteria 
The work of Hansen (ii) is interesting This investi 
gator took isolated yeast cells which when cultivated 
under ordinary conditions umformly gave rise to spore 
bearing forms and subjected them for a time to the 
highest temperature at which growth could still occur 
As a result he procured a race which has been cultivated 
under ordmary conditions for twelve years without once 
developmg spores 

We have reason to behe\e the size of the seed ma^ affect the size 
of the resulting plant even m such forms as coniferous trees (Mcinns i6) 
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\s an example of the sort of thing that may occur among 
fungi the work of Loxg (14) may be mentioned Puccim i El s 
tana and P Andropogonis both grow in one stage on ^nd}o 
pogon where they are to be distinguished b> morphological ditter 
ences in the uredospores P Elhsiana has T tola for its alternate 
host while P Atidi opogonis h 2 iS Pentestemon P Elhsiana how 
ever has been artificially induced to infect Pentestemon where it 
produces spnng spores that resemble those of P Andropogonis 
When these spring spores are returned to Andropogm the result 
mg uredospores are morphologically identical with P indiopo 
uredospores Conversely P indropogoms cem he ma.dQ to 
infect Violi where it produces morphologically P Elhsiana spring 
spores and these will bring P Elhsiana uredospores when returned 
to Andropogon 

This appears to be an actual change in species through a 
change m the quality of the nutntion But can it be demon 
strated that the two forms were really distinct species in the 
first place ^ 

The findings made by Willi 4 MS (19) on periodicity 
of sex cells in the marine alga Dictyota dichotoma rather 
clearly indicate inheritance of acquired characters In 
any one locality the male and female organs originate 
Simultaneously and pass through their succesbi\ e stages 
of development together a general liberation ot gametes 
and fertilization takes place on a particular day This 
period differs between different localities and \aries 
slightly at any one locality at all times showing a clear 
relationship to the tides and therefore to the amount ot 
light that reaches these submerged plants So intimate 
IS the foregoing relationship that one can predict the time 
of liberation and fertilization by consulting the ahnanac 
of the locality On the other hand there is no evidence 
of periodicity in seas where there are no tides Plants 
transferred to aquaria m the laboratory and thus 
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removed from the influence of tides and varying light 
continued to show the characteristic periodicity of the 
locality from which they came Thus an obvious adjust 
ment on the part of the plant to a varying set of environ 
mental conditions has evidently become heredity 

It would be unwise to attempt any final conclusions 
on this subject of inheritance of acquired characters 
the status of the subject changes as new evidence is 
gathered Such evidence as we have considered how 
ever recommends the following tentative conclusion 
Inheritance of acquired characters is possible in many 
orgamsms This possibility is more often reahzed per 
haps in the simpler than m the more complex organisms 
In the latter an unusual set of conditions is required 
such that the well insulated germ plasm will be reached 
From the pomt of view of the geneticist the small 
amount of inheritance of acquired characters that might 
take place is usually neghgible The geneticist deals 
almost entirely with characters the origin of which is 
either entirely unknown or spontaneous (mutation) 
and not clearly traceable to any specific environmental 
conditions For the evolutiomst however this phenom 
enon becomes very sigmficant The recent appearance 
of seemingly irrefutable instances of inheritance of 
acquired characters taken together with the growing 
conviction that mutation does not provide the type of 
change necessary to account for progressive evolution 
(see chapter on Mutation ) is leading to a revival in 
modified form of the Lamarckian view 
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CHAPTER III 


MENDEL S LAW 

Mendel s law is the basis of all work in genetics and 
should be understood from its original statement to its 
somewhat complex development In 1865 Gregor 
Mendel (3) published in the proceedings of a local 
scientific society the result of eight years of breeding 
experiments The publication was so obscure that 
saentific men in general did not see it and m addition 
to this Darwinism was at that time absorbmg the atten 
tion of biologists For these two reasons Mendel s 
work remamed unnoticed and of course unappreciated 
until it was discovered in 1900 and became the great 
classic of genetics Its influence therefore dates from 
1900 rather than from the year of its publication 

The substance of Mendel s experiments is as follows 
Wishing to discover the contributions of each parent to 
the make up of their progeny he chose for his work the 
simple garden pea which would breed rapidly and ex 
hibited well marked vaneties To magmfy his results 
he secured hybnds by crossing distinctly difterent types 
of peas and to a\oid confusion he considered only one 
character in each experiment For example he crossed 
peas which contrasted in character of height of flower 
color and of seeds In all cases he obtamed similar 
results so that a single example will suffice Further 
more he discovered that it made no difference whether 
the staminate parent was a dwarf and the pistiUate 
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parent tall or vice versa and so for all the characters 
used In other words what are called rectprocal crosses 
gave the same results 

The progeny of a tall parent and a dwarf parent were 
aU tail This generation is known as the first hybrid 
or the F generation When this generation was mbred 

the progeny was made up of 
tail and dwarf individuals 
m a ratio of 3 i This 
generation is known as the 
second hybrid generation or 
the F generation The 
dwarf forms of the F 
generation subsequently 
bred true producmg only 
dwarfs Of the tall forms 
one third bred true and 
two thirds spht up m just 
such a 3 I ratio as did 
their immediate parents of 
the F generation This is 
expressed diagrammati 
caUy in fig 2 
Mendel s theoretical explanation of this behavior 
mvolved three distinct theses 

I Independent unit characters —This means 
that an orgamsm although representing a morphologi 
cal and physiological umty from the standpoint of hered 
ity is a complex of a large number of mdependent herit 
able umts Thus if one pea plant is tall and another one 
IS dwarf the behavior of the hybrid produced from them 
with reference to this character will be the same no 
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Fig 2 —Diagram illustrating 
visible results of Mendel s experi 
ments Cross between tall parent 
(r) and dwarf parent (D) gives 
hybrid progeny which are all tall 
hybrid progeny mbred gives 3 i 
ratio m second hybrid generation 
mbreedmg each of these four mdi 
viduals separately gives for third 
hybrid generation results indicated 
m bottom Ime 
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matter what other characters the parent plants ma> have 
had In other words the characters are independent 
units unaffected by other characters or umts The 
character of tallness from a taU plant with wrinkled 
seeds or purple flowers will act just the same as from a 
tall plant with smooth seeds or white flowers Tallness 
is a umt and its behavior m inheritance is independent 
of all other umts 

2 Dominance —In the germ plasm there are certain 
determmers of umt characters which dominate durmg 
the development of the body causing these characters 
to dommate over others and thus become visible The 
characters dommated over and thus not allowed to 
express themselves are called recessive characters These 
recessive characters may be present m the germ plasm 
but cannot express themselves and become visible as 
long as the dommant characters are present When a 
dominant character is absent however its recessive 
alternate is free to express itself and become visible 

For example in the case of tall and dwarf peas tall 
ness is a dominant character and dwarfness is its alter 
native recessive When a dwarf appears therefore 
there is present no dommant tallness to suppress it 
In the F generation all the individuals were tall because 
although they had all received the recessive character 
of dwarfness from one of the parents they had received 
the dominant character of tallness from the other parent 
and so dwarfness did not appear in any of them Such 
pairs of alternative characters are now commonly called 
allelomorphs Thus tallness and dwarfness are allelo 
morphs in the pea one dommant over the other which 
IS therefore recessive 
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3 Purity of gametes —gamete can contain only 
one of two alternative characters For example it may 
contam the character for tallness or for dwarfness but 
not both In other words allelomorphs cannot be repre 
sented in the same gamete If the gamete having the 
character for tallness umtes with one having the char 
acter for dwarfness the resulting zygote will have both 
but will produce a tall individual because tallness is 
dommant to dwarfness When this tall hybrid produces 
gametes however one half of them will contam the 
character for tallness and one half of them the character 
for dwarfness Thus the alternative characters are 
segregated m gamete formation and no gamete will 
have both characters 

These three theses independent unit characters 
dommance and purity of gametes (due to segregation) 
make up the theoretical explanation of Mendel s law 
Independent umt characters was of course a necessary 
conception It was original with Mendel and has also 
been ongmal with other investigators but this concep 
tion does not represent the essential feature of Mendel s 
law The idea of dommance had been somewhat vaguely 
proposed before Mendel s time In the old literature 
on animal breeding one meets theories of prepotency 
which were proposed again and again before the dis 
covery of Mendel s work m 1900 In any event Men 
DEL was the first to formulate defimtely the theory of 
dommance among umt characters It should be realized 
also that dommance is not an essential feature of Men 
DEL s theory Many cases are known in which domi 
nance fails but m other regards the Mendehan inherit 
ance is stnctly followed 
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Ihe essential feature of Mendel s theory is his con 
ception of the punty of gametes brought about by the 
segregation of alternative characters With Mendel 
this was a purely theoretical scheme but since his time 
cytological investigation has discovered an actual 
physical mechanism which exactly satisfies the require 
ments of Mendel s scheme Every living orgamsm is 
composed of cells and these cells are endowed with 
nuclei Every nucleus contains a certam number of 
darkly staimng bodies known as chromosomes The 
number of chromosomes is always the same for a given 
species At the cell divisions which take place in con 
nection with the growth of the body each chromosome 
IS very carefully divided in half so that the nucleus of 
each daughter cell has exactly the same equipment of 
chromosomes as the mother nucleus The exactness 
of this division m itself suggests that the chromosomes 
are the bearers of hereditary characters since none of 
the other cell constituents seems to be so accurately 
divided at cell division Even more sigmficant is the 
behavior of the chromosomes in connection with gamete 
fonnition \t that time it becomes evident that the 
chromosomes exist in pairs thus there is always an 
c\en number of chromosomes m e\ery body cell of an 
organism 1 he two components of each pair of chromo 
somes are always morphologically identical When the 
organism forms gametes a cell division takes place which 
IS fundamentally different from the preceding cell divi 
sions At this division no splitting of the individual 
chromosomes takes place instead the chromosomes 
line up in pairs and the nature of the division is such as 
to draw apart the components of each pair This is 
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known as the reduction division for each oi the resulting 
nuclei has the reduced number of chromosomes just 
half of the characteristic number in the body cells It is 
important to remember that this reduction is not indis 
crimmate but always involves a separation of the two 
components of each chromosome pair It is the reduc 
tion division that gives nse to the gametes Gametes 
therefore are characterized by the reduced or haploid 
number of chromosomes m contrast with the body cells 
which have the diploid number Gametes have just one 
representative of each chromosome pair that appears in 
the body cells When two gametes umte at fertilization 
there is of course a return to the diploid number m the 
tesultmg zygote 

This IS exactly the mechanism required by Mendel s 
scheme on the assumption that the chromosomes are 
the bearers of hereditary characters So much data has 
accumulated to justify this assumption that it will be 
treated as an estabhshed fact m the subsequent descrip 
tions 

The chromosome mechamsm may be apphed to the 
case in hand as follows For convenience we will assume 
that the nudei of the body cells in Mendel s peas have 
each four chromosomes (two pairs) This is represented 
m fig 3 In the case of a tall plant two (one pair) 
of the four chromosomes carry the character for tallness 
that is something that determmes the production of 
the taU character m the somatoplasm This unknown 
something is called by various names in the literature 
of genetics for the present we shall refer to it as a deter 
miner In our illustration therefore two of the four 
chromosomes carry the detenmner for tallness 
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Fig 3 shows a somatic cell with the diploid number 
of chromosomes In the formation of gametes this 
number is reduced to the haploid number which is m 
this case two The diagram shows that the reduction 
division separates (segregates) the two chromosomes 
carrying the determiner for tallness so that each gamete 
contams one This occurs for the other characters as 
well as for that of tallness From the tall plant therefore 



Fig 3 —Diagram illustrating behavior of chromosome m ]ME^DEL s 
cross of tall and dwarf peas Large rectangular li ures nuclei of z> gotes 
or mature individuals large circles amet s small circles withm > gotes 
and gametes chromosomes letters on chromosomes determmers (T 
tallness D dwarfness) 

all the gametes will contain the determiner for tallness 
and from a dwarf plant all of the gametes will contain 
the determiner for dwarfness When these two indi 
viduals are crossed the zygote will contain both deter 
miners and these two determiners will be transmitted 
together in the succeeding cell generations The individ 
ual developed from such a zygote will of course be tall 
but at the same time it will be carrying a recessive deter 
mmer for dwarfness and this fact will be shown by its 
behavior in breeding The result of inbreeding such hy 
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bnds IS indicated in the icconipanymo diagraan (iig 4) 
which represents the chance matings of the two kinds of 
gametes The obvious results are three tall individuals 
and one dwarf This is the so called monohybrtd ratio 
which means the ratio when a single pair of allelomorphs 
is considered 

Before discussing the further development of Mendel s 
law it will be necessary to explain some of the terminol 
ogy of genetics When each gamete carries the same 
kind of determiner the resulting zygote is said to receive 
a double dose when a zygote receives only a single such 
determmer it is said to receive a single dose In fig 4 
one zygote receives a double dose of tallness and two 
others a single dose These phrases are more or less 
common m the literature of the subject but the more 
frequent terminology is as follows When two similar 
gametes umte to form a zygote it is called a homo^ygote 
when the two pairing gametes are different the zygote is 
called a heterozygote Using this terminology it is evident 
that the 3 i ratio of the F generation is really a i 2 i 
ratio as follows i homozygote for the dominant char 
acter 2 heterozygotes and i homozygote for the recessive 
character The i 2 i ratio therefore is the significant 
one and appears as a 3 i ratio only because of dominance 

In the experiment represented m fig 4 three tall 
individuals appear m the F generation Superficially the 
individuals look alike but it is realized that one differs 
from the other two m germmal constitution for one will 
produce only one kind of gamete while the other two 
will produce two other kmds To indicate this situation 
JoHANNSEN (2) has introduced some appropnate termin 
ology Orgamsms which appear to be alike regardless 
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of their genmnal constitution are said to be phenotypz 
colly ahke or to belong to the same phenotype On the 
other hand orgamsms having identical genmnal con 
stitution are said to be genotypically alike or to belong 
to the same genotype From the standpoint of pheno 
types only Mendel s F generation shows the 3 i ratio 
but if genotj^es are considered it shows the i 2 i ratio 
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Fio 4 —Diagram illustratin beha or of first generation (F ) 
hen inbred Illustrates meaning of se regation and purit> of 
o-ametes and how chance matings of 1 gametes result in ratio in 
r o*eneration d arf individual produced only b> z> ote in lower ri ht 
hand corner 


In other words this group of torms contains two pheno 
types but three genotypes 

Referring again to fig 4 several things may be 
inferred It can be seen what will happen in the F3 
generation when the F individuals are inbred The 
dominant homozygote will produce only dominant 
homozygotes m the r3 generation the two heteroz>gotes 
will split up in the r3 generation in the same i 2 i ratio 
as did their hybrid parents of the F generation and 
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the recessive homozygote will produce only recessive 
homozygotes 

It IS interesting to consider what would happen if a 
heterozygote were crossed with a homozygous recessive 
It should be obvious that one half of the progeny would 
be pure recessives while the other half would be hetero 
zygotes that is there would be a i i ratio 

Thus far we have considered only what is called the 
monohybnd ratio that is the ratio obtained from one 
pair of contrasting characters such as tallness and dwarf 
ness The next step is to consider the dthybrtd raho 
Mendel also used contrasting flower colors finding, for 
example that red flower is dominant to white flowei 
Introducing this pair of contrasting characters nto the 
situation we have been considering the dihybnd ratio 
will be the result Crossing a tall red flowered mdivid 
ual with a dwarf white flowered individual it is evident 
that all the F or first hybnd generation will be tall red 
flowered individuals since both of these characters are 
dominant In the F generation however the following 
ratio will appear 9 tall red 3 tall white 3 dwarf red 
and I dwarf white This 9 3 3 i is the dihybnd ratio 
the explanation of which is indicated in fig 5 The 
question may be raised why the characters for tallness 
and redness are not represented on the same chromo 
some If they were the result would be a simple mono 
hybnd ratio except that the tall individuals would 
always be red flowered and the dwarfs would always be 
white flowered The possibility of one chromosome 
carrymg two different determiners will be considered 
later but at present we shall assume that these deter 
nuners are on different chromosomes 
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Fig 5 shows that we are deahng with two homozy 
gotes each producing only one kind of gamete so that 
all the F progeny are similar both phenotypically and 



Fig 5 —Diagram illustrating dihybnd ratio Upper part sho^ s 
how original parents were crossed to give F hybrid lo\er part shows 
F hybrid producing four kinds of gametes chance matings amon these 
gametes when F is inbred results as indicated in the large set of squares 
and explams the 9331 ratio in the F generation 
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genotypically, that is with the same appearance and the 
same germinal constitution Each of these F individ 
Tia 1 s will produce four kmds of gametes The possible 
combmations of these gametes that will occur when the 
F IS mbred are expressed by the checkerboard The 
resulting F mvolves four phenotypes as follows nos 
1234579 flowered individuals 

6 8 14 are tall white ii 12 15 are dwarf red 16 is 
dwarf white This acounts for the 9331 ratio 

It will be noticed that nos i 6 ii and 16 are homozy 
gotes and therefore will breed true but the rest are 
heterozygotes either for one pair of characters or for 
both and these will spht mto various tjrpes upon further 
breedmg 

The higher polyhybnd ratios run into quite a string 
of terms but involve no further new principles For 
example the F phenotypic ratio for the trihybrid is 
27999333 I mvolving nine phenotypes (and 27 
genotypes) but it can easily be worked out by the same 
method as was used for the dihybnd 

Thus far we have been considering Mendel s law in 
simple form and have enlarged but httle upon Mendel s 
ongmal statement The value of the law is apparent 
Upon its repubhcation in 1900 it was taken up by biolo 
gists and numerous breeders set to work to test it As a 
consequence data for and against it began to accumulate 
As might be expected there was much apparent evidence 
agamst the law but as geneticists developed a better 
conception of the mechanism the contradictory evidence 
was explamed awa> Almost every type of inheritance 
has now been explained according to Mendel s law A 
few of the more important cases will be presented 
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PRESENCE AND ABSENCE HYPOTHESIS 
This may be regarded as a new method of hlendelian 
thought It was first suggested b> Correns (i) but 
later was worked out m detail by other geneticists It 
IS merely a different way of regarding the Mendelian 
mechamsm For example in the case of a h>bnd 
obtained by crossmg taU and dwarf parents the result 
had been explamed by Mendel as due to the fact that 
one chromosome bears a determiner for tallness and the 
other one of the pair carries the determiner for dwarf ness 
In other words each one of a pair of allelomorphs is 
represented by a determiner two determiners thus being 
present Dwarfness in this case would be the result of 
the interaction of that determiner and its environment 
during the development of the body and the same lor 
tallness When both were present however the con 
ception of the situation was as follovi s The determiner 
for dwarfness setting up its usual senes of reactions 
early became paralyzed by the determiner for tallness 
or its products This result was called the dominance 
of the character for tallness It was as if the determiner 
for tallness completely prevented the activity of the 
determiner for dwarfness This conception was appar 
ently borne out by the facts and was the explanation of 
the mechanism generally accepted 

According to the presence and absence hypothesis 
however the situation is looked at from a difterent 
pomt of view Tallness is the result of a determiner 
but dwarfness is merely the result of the absence of the 
determiner for tallness The dominant character is 
produced by an inheritable determiner but the recessive 
character appears only when the dominant determiner 
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IS lacking This conception has some evident advan 
tages and may modify the previous Mendehan diagram 
as shown in fig 6 This appears to be a simpler mech 
amsm to account for the phenomenon called dominance 
In the case of the dwarf form there is a normal course 
of development in the case of the tall parent or hybrid 
however an additional determiner stimulates cell growth 
or cell division or both 

This hypothesis introduces some additional termin 
ology suggested by Bateson In our illustration the 
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Fig 6 —Diagram showing how the origmal scheme must be modi 
fied to satisfy the presence and absence hypothesis 


tall parent has two determiners for tallness and therefore 
Bateson calls it duplex having a double dose For 
the same reason the F mdividuals having only one 
determiner for tallness he calls szmplex According 
to the same termmology the dwarf parent is nulhplex 
with respect to its character of tallness 

Additional advantages of the presence and absence 
hypothesis will appear later in connection wnth a con 
sideration of blendtng inheritance and of cumulative Jac 
tors m inheritance Attention however should be called 
to the fact that those who accept the presence and 
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absence hypothesis do not use the form of notation thus 
far used m explaming Mendehan inheritance Assume 
that T is used to express the determiner for tallness the 
same letter (f) is used to express its absence For 
example instead of usmg D for dwarfness t is used for 
lack of tallness (fig 7) It is a matter of conven 
lence to have a symbol to represent the recessive the 
absence of somethmg that is present in another indi 
vidual 
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Tig 7 —Diagram showing how presence and absence scheme is 
actually used with small letter representing absence 


In summary the essential difference between the 
presence and absence hypothesis and that of dominant 
and recessive is that in the former case the recessive 
determiner has no existence at all while in the latter 
case It exists but is in a latent condition when associated 
with the dominant 

As a matter of fact some of the later investigations have 
revealed cases that can hardly be accounted for by the presence 
and absence hypothesis In spite of these recognized exceptions 
however the scheme of notation employed under the presence 
and absence hypothesis has proved so convenient that it is 
almost universally employed 
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The checkerboard is an excellent method of depicting the 
mechanism at play but the same results can be obtained much 
more quickly and just as safely by another method Dihybnd 
(and other polyhybnd) ratios can be obtained by multiplying 
together the ratios of the monohybnd components (for this really 
amounts to the same thing as the checkerboard) In the present 
case one monohybnd component gives an F ratio of 3 tall i 
dwarf while the other monohybnd component gives 3 red i 
white (3 tall I dwarf) times (3 red i white) equals 9 tall red 3 
dwarf red 3 tall white i dwarf white 

The student wiU find it a very helpful exercise to work out 
for himself the vanous phenotypic ratios that will be produced by 
inbreeding the vanous genotypes shown m the F checkerboxrd 
and by crossing them in vanous ways In such pioblems the 
method of procedure is to work out separately the results for the 
different monohybnd components and then to synthesize these 
results The synthesis in this case amounts to simple multiplication 
First of all one must familiarize himself with the vanous 
possible ratios encountered in connection with monohybnd ciosses 
These are indicated in the following simple table (In every case 
the student must satisfy himself as to how the Mendelian mechan 
ism bnngs about these results ) 
c s 

anything 
By yiRr 
Rr Xrr 


Ph no yp 
R d Wh t 

I O 

3 I 

I I 


rr Xrr 


The solution of dihybnd problems then becomes a simple 
matter For example take the following cases 

TtRrXURR 

The monohybnd ratio as regards height is i tall i dwarf while 
the flower color ratio is i red o white Multiplying these together 
gives the dihybnd result i taU red i dwarf red 

TtRrXTtrr 

The height ratio is 3 tall i dwarf while the color ratio is i red i 
white which results in the dihybnd ratio 3 tall red i dwarf 
red 3 tall white i dwarf white 
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BLENDS 

This t3^e of mhentance when first discovered was 
thought to be in direct conflict with Mendel s law It 
IS a case in which dominance seems to fail for the tvi o 
alternative characters both express themselves and the 
result IS an average between them It is easy to explain 
this situation m accordance with the presence and 
absence hypothesis without any violation of Men 
del s law 

The classic example of blending inheritance was 
presented by Correns (i) m breeding work upon M^ra 
bths Jalap a the common four o clock Correns crossed 
red flowered and white flowered varieties and aU the 
hybrid progeny had rose pink flowers This was a color 
blend distinctly mtermediate between the colors of the 
two parents The F generation therefore seemed to 
contradict Mendel s law in that one color character was 
not completely dominant over the other The real 
situation however appeared in the F generation 
obtained by inbreeding individuals of the F generation 
which showed the blend By inbreeding the pink 
hybnds Correns obtained the perfect i 2 i ratio that 
IS I red like one grandparent 2 pink like the hybrid 
parent and i white like the other grandparent begre 
gation was evidently taking place the only unusual 
thing being the appearance of the F individuals and 
that was explained immediately as failure of dommance 
(see fig 8) 

The question this introduces therefore is that of a 
mechanism which would account for such a result The 
easiest explanation offered is that the red parent was a 
homozygote for redness (double dose) and the hybrid 
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a heterozygote (single dose) the inference is that a 
single dose produces pink while a double dose pro 
duces red 

A theoretical explanation of this occasional dilference in the 
result of double and single doses is as follows Imagine that the 
body cells of a plant have a certain capacity for expressing heredi 
tary characters In such a case just as a given quantity of sol 
vent can dissolve only a given amount of solute so the body cells 



Fig 8 —Diagram illustrating blending inheritance discovered by 
CoRRENS in Mtrabihs Jalapa 


can express hereditary characters only to a definite limited extent 
In the four o clock a single dose of redness may be thought of as 
half saturating the body cells while a double dose completely 
saturates them In cases showing a complete dominance how 
ever a single dose completely saturates the cells and a double dose 
can do nothing more This analogy assists in visualizing on the 
one hand the necessary mechanism of blends (apparent failure 
of dommance) and on the other hand that for cases of complete 
dominance 
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Problems dealing with determmers for which dominance is 
lacking differ from those where dominance is present only in so 
far as the monohybnd ratios must differ 
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For example take the following case where dominance is pres 
ent for the height character and absent for the color character 

TtRr^URr 

The monohybnd ratio as regards height is i tall i dwarf while 
the color ratio is i red 2 pink i white Multiplying these 
together gives the dihybrid result i tall red i dwarf red 2 tall 
pink 2 dwarf pink i tall 'v\hite i dwarf white 
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CHAPTER IV 
THE FACTOR HYPOTHESIS 

Mendel concluded that each plant character depends 
upon a single determiner Inheritance however has 
proved to be a much more complex phenomenon than 
was indicated by Mendel s peas Ratios have appeared 
that were puzzling and geneticists have been forced 
to the conclusion that there may be a complex of deter 
miners for a single character This conception is known 
as the factor hypothesis and much of the growing com 
plexity of genetics has developed around this h3^othesis 
Previously we have used the word determiner imply 
mg Mendel s idea that a single determiner is responsible 
for the development of a plant character and this has 
been true of the examples of inheritance previously 
considered It is understood now however that a 
character is frequently determined by the interaction 
of two or more separately heritable factors and hence 
the factor hypothesis The distinction between factors 
and determiners should be clear In case only one heredi 
tary unit is mvolved in the production of a character 
this unit should be referred to as a deterfmner in case 
two or more umts interact m the production of a char 
acter these are factors 

This distinction, of terms has pedagogical value but is frequently 
violated in the hterature where factor is frequently used in the 
sense of determmer A less restricted term gene refers to the heredi 
tary unit without implying whether it acts as a factor or simple 
determiner 
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I Complementary factors —Thjs is the simplest 
expression of the factor hypothesis it may be illustrated 
by some of East s work (3) Crossmg red grained and 
white gramed corn this investigator obtained an F 
progeny which was all red This would suggest that the 
F generation would show 3 red to i white but mstead 
it showed 9 reds to 7 whites which might seem to violate 
the Mendehan method of inhentance It is qmte in 
accord with Mendel s law however if we consider that 
two complementary factors are necessary to produce 
the red character and that each of these factors is inher 
ited separately Such a situation would give a dihybnd 
ratio as indicated m fig 9 It will be seen that out 
of the 16 individuals in the F checkerboard 9 will be 
red for they alone contam both complementary factors 
the other 7 will be white The situation is thus explained 
by the dihybnd ratio but although only one character 
IS mvolved that character depends upon two comple 
mentary factors 

Another situation is worth noting No 6 of the 
checkerboard is white because it contains only one of 
the necessary factors no ii is white for the same rea 
son but Its germinal constitution is just the opposite 
What would happen if these two were crossed? There 
IS only one possibihty since each is a homozygote produ 
cing only one kmd of gamete The result would be red 
and thus a cross between two whites would produce only 
reds What would be the result if nos 6 and 15 were 
crossed the former bemg a homozygote and the latter a 
heterozygote ? It is obvious that the resulting progeny 
would be one half red and one half white The same 
result would be secured m crossing nos ii and 14 A 
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cross between nos 14 and 15 both of which are het 
erozygotes would produce 3 white to i red dhese 



Fig 9 —Diagram illustrating behavior of complementary factors 
m cross between red grained and white grained corn R and C must 
b oth be present to produce red grained corn 


illustrations show how differently the same phenotype 
ma} behave in inheritance In each case 2 whites were 
crossed that is the same phenotypes but 3 different 
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ratios weie obtained because the genotypes were dif 
ferent 

Ihe striking feature oi this situation ib that one can 
cross two whites and get a red This gives an insight 
into the so called phenomenon of reversion For ex 
ample in the course of numerous breeding expenments 
Bxteson (i) obtained two strains of white sweet peas 
each of which when normally selfed bred true to the 
white color but when these two were artificially crossed 
all of the F progeny had purple flowers like the wild 
Sicilian ancestors of all cultivated \arieties of the sweet 
pea This appeared to be a typical case of reversion 
Further breeding however showed that this was just 
such a case of complementary factors as we have been 
considering One of Bateson s white strains had one 
of the factors for purple flower color and the other strain 
had the other factor 

It IS interesting to note that if an investigator should cros 
homozygote no i with homozygote no ii the F and F results 
would lead him to conclude that the red character was due to a 
simple Mendelian determiner R would remain a determiner 
until a strain of corn was discovered which lacked the C factor 
crosses with such a strain would reveal the real mechamsm of the 
situation and thereafter R would be know n as a factor 

Complementary factors have been defined and the method of 
their inheritance described but is there any mechanism to explain 
the situation ? A suggestion may be obtained from plant chemis 
try (2) The most prominent group of pigments m plants is the 
group of anthocyanins which are produced as follows Plants 
contain compounds called chromogens which are colorless them 
selves but which produce pigment when acted upon by certain 
oxidizing enzymes or oxidases This would provide a mechanism 
to account for the behavior of complementary factors If one of 
East s white strains of corn contained a chromogen capable of 
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producing red but lacked the necessary oxidase it would remain 
colorless If the other white strain contained the oxidase but no 
chromogen it too w ould be colorless In crossing them however 
chromogen and oxidase would be bi ought together and a red 
grained hybrid would be the result In breeding such red grained 
individuals would of course give red and white progeny in a ratio 
of 9 7 as explained in connection with East s corn 

It should be realized that the foregoing is no more than a 
suggestion So far as the genetics of the situation is concerned 
complementary factors may be regarded as an established fact 
but what either one of these factors actually amounts to in 
physiological terms has as yet only been guessed at In fact it 
would be safe to state that there is no known case where the exact 
physico chemical nature of any factor or determiner has been 
demonstrated In the foregoing instance neither chromogen 
nor oxidase may be the effective umts involved There are how 
ever plenty of possibilities within the field of chemistry where 
the bringing together of two inert substances initiates a reaction 
sufficient to result in a new plant character Within limits 
hybndizing is very much like mixing chemicals in a test tube 

The origin of complementary factors is an interesting field 
of speculation Did they originate together or separately? A 
natural inference would be that they originated together for 
neither would be of any use without the other It should be 
remembered however that the Darwinian idea of usefulness as 
explaimng the occurrence of everything in a plant is frequently 
inadequate One must think rather of a plant as a complex physi 
CO chemical laboratory No one claims that all chemical reactions 
are useful they are simply inevitable and plant characters are 
the result of chemical reactions and physical necessities 

The other alternative is to suppose that these factors ongi 
nated independently m the plant s history In this case of 
course the first to be produced would remain functionless until 
Its complement came into existence This might be an explana 
tion of what have been called latent characters Also not 
only might they have originated at different times but in different 
varieties or species In this case if natural hybridizing should 
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bring them together the result would be the appearance of a ne^ 
character a few authors (notably Lotsy 5) believe that this is a 
very important factor in the origin of species 

The behavior of the red grained and white grained 
corn serves as an introduction to the factor hypothesis 
and as an illustration of one of the important types of 
factor interactions Complementary factors are alwa} s 
to be recognized by the following behavior A comple 
mentary factor interacts with a dissimilar factor to 
produce a particular character 

2 Supplementary factors —K supplementary fac 
tor interacts with a determmer (or factor complex) to 
modify the character produced by the latter An excel 
lent illustration of this factor type can also be pro\'ided 
by the mhentance of color m grams of corn (East 3) 
Interactmg with the factors R and C is a third factor P 
This P factor is inherited quite mdependently of the 
other two but whenever it is present the red color 
becomes modified to purple The behavior of this factor 
IS revealed when we consider the phenotypes to which 
the following homozygotes belong Com of the formula 
PPRRCC has purple grams ppRRCC is red grained 
while PPRRcc and PPrrCC are both white grained 
From these facts one can draw the followmg conclu 
sions (i) when P R and C are all present a purple 
gram results (2) red color can appear only when P is 
absent (3) P itself is entirely meflfective in the absence 
of either i? or C 

In the hterature on inheritance in corn this factor is referred to 
by the symbol Pr its absence bemg denoted by pr (see work of Emerson 
and others) It is to avoid possible confusion m the mmd of the student 
that It is referred to by the single letter in the present text 
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These principles reveal the nature of supplementary 
factors Unlike complementary factors they never 
produce characters but merely modify characters already 
present Otherwise they follow the same principles of 
independent Mendehan inheritance with which we are 
now familiar 

The student will find a very useful exercise in the solution of 
various problems which involve simultaneously several types of 
factors In solving such problems it is neither necessary nor 
advisable to employ any rule of thumb method As usual 
the checkerboard can be depended on to provide an accurate solu 
tion but this is too slow and cumbersome Instead the problems 
can always be solved rather easily by keeping in mind at all times 
the fundamental mechanism of inheritance that is at play and 
proceeding with the solution in a logical orderly manner (If 
the student simply remembers the Mendehan mechanism he can 
really work out his own methods of solving the problems) 

In attacking polyhybnd problems the first principle to 
remember is to work out separately the solution for each pair of 
allelomorphs and then to put together these monohybrid solu 
tions This putting together in the case of simple determiners 
amounts merely to multiplication as was described before but 
where factors are at play other methods of putting together are 
necessary In every case the method of putting together the 
monohybrid solutions is a rather obvious one and is clearly indi 
cated by the definition of the factor type with which one is dealing 

A few examples involving the F R and C factors will serve to 
illustrate In these cases one must consider the F factor last 
since it IS effective only when both R and C are present 

FFRrcc X FpRRcc 

Considering first the C factor one finds that a o i ratio will result 
that IS all of the progeny will lack the C factor Since this is the 
case one need go no farther with the solution since absence of C 
is sufficient m itself to insure that all of the progeny will be color 
less or white 


FpRrCc X ppRrCC 
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Considering first the C factor one finds that a i o ratio will result 
that is all of the progeny will have the C factor So far as C is 
concerned then all of the progeny may be colored 

Taking up now the R factor it is e\ident that this will bring 
a 3 I ratio that is - of the progen} have both C and R and will 
theiefore be colored (whether red or purple will be decided later) 
have C but lack R and will therefore be colorless The final 
fate of this - is thus decided and one need give no further atten 
tion to this group The ™ however is eligible to be earned on 
for iuither consideration under the P factor 

The ratio produced by the P factor is i i that is - have P 
and 2 lack it So far as phenotypes are concerned however the 
present fractionation applies only to the 4 that was earned over 
making g with and g without P 

Summarizing - have C but lack R and are therefore colorle s 
8 have C and R but lack P and are therefore red - have C R and 
P and are purple The resulting phenotypic ratio is therefore 
3 purple 3 red 2 white 

PpRrCc selfed (equivalent to P/>PrCcXP/>P^Cc) 

Considering the C factor the result is a 3 i ratio or - with and 
without C The latter group 4 is hereby dropped since it 
must be colorless while the - is earned on for further con 
SI deration 

The R factor also gives a 3 i ratio or - with and without 
R But this fractionation applies only to the ~ that was carried 
on Therefore we have X or which has both C and R and 
- X or w hich has C but lacks R This is hereby dropped 
since it also must be colorless while the is carried on for further 
consideration 

The P factor gives 3 i or 4 with and - without P This 
fractionation applies to the which was earned on so that we 
have X 4 or which has C R and P and is purple and X^ 
or ^ which has C and R but lacks P and is therefore red 

Summarizing - plus ^ 01 is colorless is red and 
IS purple The phenotypic ratio then is 27 purple 9 red 28 
white 
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(Any such mass of fractions is readily handled on the black 
board or scratch pad by considering the C R and P ratios under 
separate columns and scratching out fractions as they are dis 
posed of by being carried on At the end if the procedure has 
been orderly the proper fractions will be found under the proper 
columns) 

Other methods of solving these problems could be worked out 
All that is necessary m any method is clear vision of the Mendelian 
mechanism analysis into monohybrid components and separate 
solution of each followed by an orderly synthesis the method of 
synthesis always being indicated by the nature of the factors with 
which one deals 

As before the physiological mechanism accounting for the 
behavior of the P factor has been only guessed at It has been 
found that the purple pigment is produced by the same substance 
as the red but represents a higher state of oxidation which sug 
gests the following possibihty C is oxidized by i?! up to a certain 
point where red is produced P an additional enzyme is capable 
of oxidizing the red pigment still further to purple P is incapable 
of attacking the original chromogen but when R carries the 
attack to a certain point P can fimction and carry the oxidization 
further As a consequence P without R gives white grains while 
R gives red grains only in the absence of P 

3 Inhibitory factors —^An inhibitory factor pre 
vents the action of some other determiner or factor 
This factor type also can be illustrated in connection 
with inheritance of gram color in corn (East 3) If one 
were to cross a purple gramed race of corn having the 
formula PPRRCC with any white grained race he would 
expect all of the F generation to be purple In this 
case every gamete produced by the purple parent would 
have the formula PRC As a consequence no matter 
what might be the formula of the white parent every 
F individual would have to have at least one dose of 
P R and C and this m itself should be sufficient to 
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insure the production of the purple color 4s a matter 
of fact just this result has been actually realized in 
practically all such crosses In one case how ever 
startlmgly different results were obtained Crossing 
just such a purple parent as was mentioned with a white 
gramed race resulted in an F generation which was all 
white 

Inbreeding this F gave an F generation which con 
tamed some colored grains but a decided majority of 
whites E\idently the colorless condition is dominating 
over the colored This would be surprising in any case 
of color inheritance for we always expect colored to be 
due to the presence of something that is absent m col 
orless 

Analysis of the present case revealed the fact that 
the white grained race that had been used was homoz) 
gous for the presence of an inhibitory factor I whene\ er 
this factor is present no color of any kind can be produced 
This readily explains the foregoing results If the purple 
grained race that was used had the formula tiPPRRCC 
and the white grained race was IIPPRRCC the result 
mg F would be ItPPRRCC which would be pheno 
typically white owing to the presence of the I factor 
Inbreeding would then result in the following F i 
IIPPRRCC phenotypically white 2 ItPPRRCC white 
I ttPPRRCC purple It is clear that the colorless con 
dition is actually dominating but it is dominating on 
account of the presence of the I factor 

It IS evident that the purple and red types with w hich 
we had been deahng before must all have been homoz> 
gous for the absence of I Corn grains can be colorless 
for any of three reasons absence of R absence of C or 
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presence of I whereas the colored condition occurs only 
when three conditions are simultaneously satisfied 
presence of R presence of C absence of I 

Tetrahybrid problems involving I P R and C can be 
worked out on the same principles as were previously outlined 
It is probably most convenient to consider the I factor first 

I^PpRrCc X t%ppRRC c 

Considering the I factor there wdl be 2 of the progeny with and 
2 without 1 This first 2 is now dropped because it is bound to 
be colorless on account of the presence of I no matter what may 
be the rest of the germinal composition and in this case it is the 
latter 2 that is eligible to be carried on for further consideration 
The C factor gives with and - Without C Applied to the 
i that was carried on this becomes 2X4 or g without I and with 
C and -X or ^ without I and without C This last g is hereby 
dropped since it lacks C and must be colorless while the g is 
earned on for further consideration 

The R factor gives a ratio of i with o without R Conse 
quently no further fraction is dropped into the white phenotype 
at this point and the whole | is carried on 

The P factor gives \ with and ^ without P Applied to the 
g this becomes gX2 or which lacks I and has C R and P 
and is therefore purple and 3X2 which lacks I has C and R and 
lacks P and is therefore red 

Summarizing | plus g or is colorless j is red ind is 
purple The phenotypic ratio is 3 purple 3 red 10 white 

I^PpRrCc selfed 

I gives - with I i without I Drop the and carry on the 

C gives 4 with C - without C Applied to the 4 that was 
earned on this becomes JXf or which lacks I and has C and 
4 X“ or which lacks I and C both Drop the * and carry on 
the 

R gives ^ with R ^ without R Applied to the i* that was 
carried on this becomes —X^ or ^ which lad s I and has both 
C and R and -^X4 or which lacks I has C and lacks R 
Drop the ^ and carry on the 
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P gives ^ with P - without P \pplied to the that was 
carried on this becomes or which lacks I and has C R 

and P and is therefore purple and X4 or which lacks I 
has C and R and lacks P and is therefore red 

Summarizing 4 plu — plus or is colorless is red 
and \ IS purple The phenotypic ratio is 27 purple 9 red 220 
white 

Thus three factor types are at play in the inheritance of color 
in grains of corn Four distinct factors are interacting but all 
are inherited independently and quite in accordance with Men 
delian principles 

Again the exact physiological nature of the I factor is not 
understood but can be only guessed at We have assumed that 
color IS produced when an enzyme is present to oxidize a chromo 
gen Enzymes are sensitive their activities may be affected or 
completely checked by various agents Assume that I is such 
an agent and the necessary mechanism is provided Wlien I is 
present R is paralyzed so that it cannot oxidize C 

4 Cumulative factors —These are considerabh 
different from the other types and will be considered in 
another chapter under the caption Inheritance of 
quantitative characters 

These four great factor types are really the only ones 
encountered m genetics each representing a distinct 
type of interaction In the literature of the subject 
many other descriptive titles are gi\en to factors but 
no fundamentally new mechanisms are introduced 

A few more w ords might be said on the three factor types that 
have already been considered Of these three the rarest type is 
the inhibitory factor complementary and supplementary factors 
being quite common 

It IS not surprising to find that true dominant inhibitory 
factors are rather rare as is suggested by the following reasoning 
In nature there has been for countless generations a struggle for 
existence among the individuals of a species with a survival of the 
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fittest It follows from this that there has been a struggle for 
existence among unit characters Those dominant unit char 
acters which are fit which serve better to adapt the organism 
to environmental conditions are the ones to survive while 
unfit dominant unit characters are eliminated with the elimi 
nation of the organisms that contain them (The same reasoning 
would not apply to the recessives which are protected from 
natural selection when they occur in heterozygotes) 1 hese 

dominant unit characters which exist today arc foi the most p irt 
survival characters being important in the economy of the 
organism since they are serving to adapt it to the environment 
In addition there must of course be a number of indifferent 
characters which cannot be construed as adaptations these 
have persisted simply because since they have neither positive 
nor negative survival value there has been no reason to eliminate 
them Since most of the dominant unit characters have positive 
survival value it follows that anything which prevents the expres 
Sion of these dominant unit characters must have negative sur 
vival value This is exactly what the dominant inhibitory factor 
amounts to it is something which prevents the expression of a 
dominant unit character One is forced to the following conclu 
sion Although dominant inhibitory factors may have come into 
existence just as frequently and numerously as the other types of 
factors and determiners most of these inhibitors would have been 
eliminated through natural selection on account of their negative 
survival value The few dominant inhibitory factors which per 
sisted would be those which inhibited indifferent chiracters 
Color in grains of corn is doubtless an indifferent ch iracter 
(There are two types of things which are fairly common and 
which might be confused with inhibitory factors (i) simple 
determiners which produce such characters as to mask other 
characters without really inhibiting other determiners (2) lethel 
factors which will be explained on p 69 ) 

On the other hand it is not surprising to find that supple 
mentary factors are rather common Ihe supplementary factor 
carries further a reaction which has been brought up to a certain 
point by some other force Exactly this sort of mechanism must 
play a large part in the ontogeny of most organisms The litera 
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ture of genetics is fuU of such things a intensifying, factor 
diluting factors and distribution fu^tors all of which follow 
the supplementary factor mechanism 

Complementary factors are also common quite as w e should 
expect Any complex machine contains numerous parts capable 
of applying numerous different forces each one ot which may be 
quite functionless in itself but in interaction with some of the 
others will produce a visible result The living organism is just 
such a complex machine 

It IS not necessary that complementary factors exist only in 
pairs In corn itself there is an additional complementary factor 
A for color of gram (Emerson 4) R C and 4 must all three be 
present for the gram to have color (\ cross between the red 
type AARRCC and the white tjpe aarrcc would give a red F 
AaRrCc and an F which would show a ratio of 2/ reds 37 whites ) 
Many sizable sets of complementary factors doubtless exist in the 
organism without our know mg it One can of course ne\ er iden 
tify a factor without discovering a race in which this factor is 
lacking Where the character involved is an indifferent one 
races lacking one of the complementary factors are frequently 
discoverable Where however the character involved is vital 
to the existence of the orgamsm it is impossible to disco\ er a race 
lacking one of the necessary complementary factors since such a 
race could not live In this connection a word should be said of 
lethal factors 

Lethal factors of which a surprisingly large number ha\ e been 
identified during the last few years of investigation are by defini 
tion factors which bring death to the organism One might 
conclude from such a definition that these are inhibitory factors 
which are inhibiting some vital function of the organism but this 
is practically never the case In almost all cases it is the homoz> 
gous recessive condition only which brings the lethal effect so 
that It is really the absence of the factor that is lethal rather than 
the factor itself How are we to interpret this behavior m terms 
of the mechamsms which we have already described ^ One might 
assume that merely a simple determiner is involved a determiner 
for some vital function so that its absence bnngs the lethal effect 
On the other hand it is altogether likely that more than one gene 
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IS necessary to the success of this vital function On such a b isis 
the lethal would be regarded as a factor rithci thin a dcteiminer 
and would of course be thrown into the complement iry f ictor 
class The present writer does not believe that genes should be 
called factors simply because there theoretically may exist other 
genes necessary to the production of the character in question 
but holds the view that the term determiner should be mam 
tamed so long as only one of the effective genes in the set has been 
identified In the case of the lethals however there have been 
discovered in the same organism (the fruit fiy) a number of genes 
the absence of any one of which will bring the lethal effect It 
IS reasonable therefore to regard these as composing one or more 
complementary sets governing the performance of certain vital 
functions 

(The student may wonder how it is possible to identify lethal 
factors when their absence simply brings death an unrecordable 
phenotype in the population This will be understood later when 
the subject of linkage is discussed ) 

It should be realized that genes be they factors or deter 
miners may at times have more than one role The A factor m 
corn mentioned above interacts with R and C m a complementary 
set for the production of aleurone color in the gram 1 also has 
an effect m producing pigment m the vegetative parts of the plant 
The R and C factors in stocks (Saunders 6 ) are a complementary 
pair for the production of colored flowers R C and a third 
factor H must all be present for there to be hairs on the leaves 
Such phenomena support the belief that the gene is not a vital 
istic umt endowed with a specific function in connection with a 
single plant character but rather is of the nature of many chemi 
cals the presence of which will inevitably affect the course of 
more than one type of reaction 
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CHAPTER V 


INHERITANCE OF QUANTITATIVE 
CHARACTERS 

This phase of the factor hypothesis if true is of 
fundamental importance not only to genetics but to 
general biology It is based upon the conception of 
cumulative factors and as it is presented it will be real 
ized that it throws light not only upon numerous breed 
mg problems but also upon variation in general which 
means evolution also A cumulative factor may be de 
fined as one which when added to another similar factor 
affects the degree of development of a character 

It will be recalled that Correns crossed red and white 
strains of Mtrabths and obtained pink hybrids The 
suggested explanation of this result was that a single 
dose of the red determiner gives pink while a double 
dose gives red When Correns inbred these pink 
hybrids he obtained the result presented in fig 8 that 
is I red 2 pink i white The mechanism in this case 
is qmte evident 

With this diagram in mind we shall consider some of 
the experiments of Nilsson Ehle (6, 7) at the Swedish 
Experiment Station He crossed two strains of wheat 
with red and white kernels The F individuals had light 
red kernels which of course suggests a repetition of the 
situation shown by Mtrabths m the experiment of Cor 
rens The F generation however showed a very dif 
ferent result The reds and whites appeared in the 
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ratio of 15 I but m addition to this among the 15 reds 
there could be distmguished varying degrees of redness 
Nilsson Ehle suspected that the 15 i meant a dihybnd 
ratio 16 individuals bemg necessary to give the ratio so 
he constructed the tentative scheme shown m fig 10 
This shows a regular dihybnd ratio except that the 
two factors mvolved are similar Appl3ang the single 
dose and double dose conception as used m the case of 
CoREEN s pink Mirdbilis we reach the following con 
elusions only no i has four doses and therefore it is 
deep red nos 235 and 9 have three doses and are 
somewhat hghter red nos 4 6 7 10 ii and 13 have 
two doses and are stiU hghter red nos 8 12 14 and 
15 have one dose and are very hght red while no 16 
alone has no dose and is the only pure white This 
accounts for the 15 i ratio and the different shades of 
red This is of course qmte m accord with the Mendehan 
method of inheritance only two assumptions being 
necessary (i) that dominance is absent two doses 
having twice the effect of one (2) that the independent 
similar factors are cumulative m their operation This 
was Nilsson Ehle s conception and of course he tested 
it by further experimental work the results consistently 
confirming his assumptions 

Smee it IS important to fix this conception clearly in 
mind another type of diagram may represent the facts 
even more clearly The proportion of the individuals 
showmg the various degrees of redness in the F is 
graphically recorded in fig ii each dot representmg 
one dose of the factors m question 

Continumg these mvestigations Nilsson Ehle next 
discovered a new strain of red grained wheat which 
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when crossed with the pure white stiiin yielded 1 
hybrids of an intermediate degree of lediiesb as before 



Fig io —Diagram illustratmg Nillson Ehle s explanation of 
IS 1 ratio obtained m F generation from cross between red grimed and 
white gramed wheat 


The F generation however showed a different situation 
Reds and whites were obtained in the proportion of 
63 I the 63 reds as before falling naturally into differ 
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ent groups on the basis of degree ot redness A.ppl^ing 
the same conception as before Nilsso\ Ehle dlsco^ 
ered that in this case he \\as dealing ^vlth a trih\brid 
situation Without constructing the usual Mendelian 
checkerboard which would ha\ e to be extensi\ e enough 



Fig II —Another method of 1 ualizm A.itlson Ehle b i i 
ratio (see fig o) 

for 64 individuals the situation as it appeared in the F 
generation may be represented by fig 12 If this graph 
be surmounted by a curve we recognize the regular 
probabilities curve exactly the kind used by biome 
tricians to represent fluctuating variations about a specific 
type 
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This conception of cumulative factors therefore 
las far reaching significance For a long time biologists 
nave recognized individual quantitative vanation within 
the species Darwin depended upon it as the basis of 
tus theory of evolution m fact ever since Darwiis s 
Origin of species mdividual vanation has been funda 
mental m our conceptions To account for this um\er 
ally recognized phenomenon Darwin proposed his 
transportation hypothesis and Weismann offered his 
germinal selection both of which were unsatisfactory 
explanations Aside from these two attempts to explain 
individual variation no other comprehensive scheme 
had been presented Biologists had simply recognized 
the fact of mdividual variation without any clear con 
ception of the mechanism 

The importance of this new theory therefore is 
obvious It IS an mgemous explanation of the mherit 
ance of quantitative characters and of the existence ot 
individual variations Furthermore the theory has 
not been developed through meditation but has its 
basis in scientific experiments It is imaginative to a 
certain extent as is every other valuable theory but 
unlike most such theories it has a substantial foundation 
namely Mendel s law 

The importance of the possible role of cumulative 
factors in explaimng individual variation which in 
turn may be the basis of a certain type of evolution 
has been emphasized because its importance has 
perhaps not yet been sufficiently appreciated It 
proimses to be one of the most important theories of 
biology but of course will bear further testmg by m 
vestigators 
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The doctnne of cumulative factors was further devel 
oped by Emerson and East (s) in their work with corn 
They were able to explam some of the ratios obtained 
by asamning three or four separately inherited cumula 
tive factors just as Nilsson Ehle had done They 
obtamed other ratios however which required more 
independent cumulative factors to explain Some idea 
of the extent of these investigations may be gamed by 
notmg the list of plant characters whose inheritance they 
explamed on the basis of cumulative factors number of 
rows length of ear diameter of ear weight of seed 
breadth of seed height of plant number of stalks per 
plant earhness of flowenng In all of these cases 
breeding gave the same characteristic results A cross 
between extreme parents gave hybrid progeny inter 
mediate as to the character in question and in the T 
generation the two extremes reappeared along with all 
gradations of intermediate The relative frequencies 
of these classes always resembled the normal probabili 
ties curve 

Nilsson Ehle had been able to put his T inter 
mediates mto rather defimte classes corresponding to 
the number of doses of the determiner each had received 
Emerson and East however could not do this with 
such exactness Their results showed all gradations 
but they could not distinguish any definite groups 
that IS gradation was contmuous and complete In 
other words they could not teU with certainty from out 
ward appearance just how many doses of cumulative 
factors an individual contained I heir results there 
fore do not seem so clear and striking as those of Nils 
SON Ehle but they are by no means vague and uncer 
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tain For example even if they could not say definitely 
that a certain individual had three doses they could 
always say approximately how many doses it had and 
the breeding results always confirmed the idea of a num 
ber of cumulative factors at work For example a 
plant with three doses may vary with respect to the 
character in question It may approach the condition 
of the plant with four doses or it may \ary toward the 
two dose condition Such vanation may be explamed 
by outside influences Any classification of the F indi 
viduals on the basis of the number of doses is more or 
less obscured by the influence of outside factors which 
are uncontrollable or at least uncontrollable as yet in 
breeding work 

Emerson and East have visualized the^e outside 
factors and discussed them In order to explain this 
discussion however we must recall a feature of genetics 
which has previously been mentioned Plant \ ana 
tions in the largest sense fall under two categories those 
due to (i) differences in gametic constitution and (2) 
those due to responses to en\ironment The first cate 
gory IS the basis of all JMendelian conceptions while the 
second category includes such \ anations as are usually 
thought not to be inherited being acquired characters 
This category is now commonly called fluctuating \ ana 
tions 

An illustration will make these two categories clear 
Assume that a plant with a determiner tor tallness usu 
ally becomes 6 feet while one without this determiner 
becomes 3 feet The 6 foot plant howe\er grown in 
good soil becomes 6 5 teet while in poor soil it is 5 ^ feet 
In inheritance of course the 6 5 and 5 5 foot plants 
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behave exactly alike the same is true of 6 foot plants 
It must be evident therefore that a classification of 
F mdividuals on the basis of the number of doses might 
weU be shghtly obscured If outside influences were 
lacking the F situation could be represented by fig 13 



Fig 13 —Diagram illustrating distribution of phenotype classes in 
F population from cross involving cumulative factors Practically 
same diagram as fig 12 and interpreted in same wa> short rectangle 
at left mdicates that very few plants of population contain maximum 
number of doses short rectangle at right mdicates that very few plant 
contam mmimum number of doses plants with intermediate number of 
doses most numerous as indicated by tall rectangle m middle (see also 

fig 14) 

but when outside influences are active it may be repre 
sented by fig 14 It will be seen from this last diagram 
that not aU individuals belonging to a particular size 
class may have the same number of doses that is con 
ditions surrounding the development of a smaller dosed 
individual may be so much better than those for a larger 
dosed individual that they may exchange size classes in 
the result In this way the results of germinal constitu 




Inheritance of Quantitative Characters 8i 

tion may be somewhat obscured by the varying external 
conditions of growth 

Another factor that may obscure these results is 
what IS called physical correlation For example a 
com plant of small size but with the hereditary capacity 
for producmg large ears could not fully express this 



Fig 14—Diagram lUustratmg how environmental influences ma 
obscure phenotype classes of F Overlappm of phenotvpe classes 
makes possible that two apparently identical plants mi ht actually ha e 
a different number of doses diao^ram also shows that hile breeder 
could not recognize whether a plant had two or three do e he could 
distinguish between plants of two and four doses etc Thu intelli ent 
selection could be effective 

capaaty It could not produce as large ears as it it had 
been a large sized plant 

Such are some of the conditions or factors that tend 
to obscure results in the F generation and give rise to 
ratios hard to interpret The weaker the influence of 
these factors the more clearly do the phenomena of 
cumulative factors come out The total result of this 
phase of the work of Emerson and East m spite of 
obscuring conditions that have arisen, has been to 
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strengthen greatly the conception of cumulative factors 
A summary of their conclusions is stated as follows 
‘ When one is dealing with quantitative characters 
that IS those produced by cumulative factors he is 
confronted by exactly the same principles of Mendelian 
inheritance as have long been known to apply to quali 
tative characters With quantitative characters how 
ever the problem is more complex due chiefly to two 
things (i) we are usually dealing with more factors 
and factors cumulative m their operation ( ) the signili 
cance of the breeding results is usuallv somewhat 
obscured by the natural fluctuations due to response to 
uncontrollable factors in the environment 

In connection with the cumulative factor concept i 
modifying statement should be made as to the mechi 
nism involved Heretofore it has been assumed that 
we are dealing with numerous separately inherited 
factors absolutely identical m their nature cumulative 
in their effect No doubt one might regard with sus 
piaon such a seemingly artificial mechanism Probably 
it would be easier to believe if it were modified in the 
foUowmg manner Instead of assuming that the numer 
ous factors are identical in function we may assume 
that each of these factors has its own peculiar function 
but that that function plays a part directly or indirectly 
in developing the quantitative character in question 
For example suppose height is the character One of 
the factors determines the development of numerous 
nodes another increases the amount of chlorophyll 
another determines the size and vigor of the root system 
another brings early germination and a long growing 
season Such factors although not identical will be 



Inherttance of Quantitahoe Characters 


83 


cumulative in increasing the height of the plant Of 
course a single dose of one type of factor may not bnng 
the same increase m height as would a single dose of one 
of the other types and therefore the mathematics of the 
situation will be shghtly modified The fundamental 
mathematical system howe\er will remain the same 
and we will have the satisfaction of deahng with a natural 
mechamsm rather than an artificial one 

A few of the applications of the cumulative factor hypothe is 
are worth considering Assume that a practical breeder crosses 
two extreme parent types in the hope of obtaimng a hybrid com 
bimng the desirable characters of the tw o parents If the material 
IS corn he might use one parent with large grains but few m num 
ber while the other parent had many grams but small ones Such 
quantitative characters as these w ould be determined b> cumula 
tive factors and the hybrid would be intermediate with respect 
to both of these characters that is the grains w ould be of medium 
size and medium number No matter how many crosses he made 
he would always get this result and not the desired combination 
of large grams and many of them 

Suppose now that these intermediate hybrids are inbred m the 
hope of obtaining the desired combination among the mdi\ iduals 
of the F generation It w ill be realized that the chances of obtain 
mg a plant combining the two extreme characters of large gram 
and numerous grams would depend upon the number ot factors 
that enter into the make up of these quantitative character 
4 ssume that there are five factor pairs m each case The mathe 
matics of the situation would show that m order to get the desired 
pure type from a cross between two parents each ha\mg their 
desirable character determined by five pairs of cumulative factors 
it w ould require 100 acres of corn to have an even chance of gettin^ 
one such individual in the F generation It is altogether unlikely 
that any farmer would use 100 acres and a corresponding amount 
of labor on such an extreme chance Even an agricultural experi 
ment station would not feel justified m conducting such an expen 
ment 
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The question arises whether there is any way of avoiding this 
impossible situation The escape is suggested by the fact that 
time can take the place of numbers East has shown that by 
growing looo individuals in the F generation loo in the F and 
50 in the F4 one stands as much chance of getting the desired 
combination as by growing 250 000 in the F provided an intelh 
gent selection is made m each generation In other words one 
who understands the mechanism of the inheritance of quantita 
tive characters wdl glow only 1000 individuals in the F genera 
tion and wiU select for seed only those individuals with the most 
favorable combination of factors In this way by intelligent 
selection factors are piled up in the right direction from year 
to year In a few years the desired result will be reached without 
the necessity of ever growing a very large number of individuals 
Such work is practicable at expenment stations and it is the kind 
of work that a number of them have been doing Even the farmer 
is able to accomplish this Although his selection of individuals 
IS not quite as intelligent as that of a scientific breeder he is at 
least selecting in the right direction and making some advance 
A little more time and a little more acreage would bring him very 
close to the desired goal 

A further application of the cumulative factor hypothesis 
may be considered The practice we have been discussing under 
the title of inheritance of quantitative characters seems to be 
little more than what has already been called artificial selection 
which is the oldest of all methods of plant breeding It is a method 
that was thought to be discredited entirely by the work of De Vries 
and JOHANNSEN when they discovered elementary species or 
pure lines and demonstrated that artificial selection could never 
result in any large or permanent improvement In consequence 
of this artificial selection as the most important method of secur 
mg desirable races gave place to pedigree culture at a number of 
expenment stations The older method was not entirely aban 
doned for it had its uses but many regarded it as a medieval 
method of breeding The artificial selection which we have been 
describing however is distinctly different from the method prac 
ticed by the early breeders In brief statement the difference is 
as follows 
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Ihe selection proposed is preceded by an intelligent hybridiz 
ing and after that genotypes rather than phenotype are se 
lected that is the selection is made on the basis of germ plasm 
rather than body plasm Phis would be a sufhcient reason for 
the superiority of the new method of artificial selection as compared 
with the old A little further analysis will make the difference 
clearer 

In the old method of artificial selection the breeder in the 
first place is dealing with such germinal \ariations as happen to 
appear in his crop and in the second place he is deahng with 
those fluctuations which appear as responses to the environment 
When he selects a large plant to use for seed that plant may be 
large on account of its germinal constitution but on the other 
hand it may be large because it is growing in a less crowded place 
or a place more heavily fertilized than the others In that case 
the large plant might not furmsh good seed The plant breeder 
of the old method undoubtedly made such unfortunate selections 
frequently that is he selected on the basis of external appearance 
and external appearance is very often a poor index of hereditary 
capacity Furthermore he would not keep his lines pure but 
would deal constantly with an unmanageable mixture of good and 
mediocre types Intelligent selection is based on germinal con 
stitution only—^by keeping careful pedigree record a selection of 
genotypes is possible—and therefore its results are quicker and 
surer It is really a pedigree culture rather than a mass culture 
method 

\nother phase of the subject should be considered When a 
plant breeder is trying to improve his crops by selection for quan 
titative characters although he uses the old method of selection 
he IS likely to be making some gam as the experience of hundreds 
of years has shown The germinal constitution of his crop plants 
IS masked by fluctuations of course but this mask is not complete 
Most of the plants he selects are bound to possess high numbers 
of factors of the right kind and he probably rejects most of the 
plants with few factors In any event he has generally succeeded 
in the long run in getting a somewhat improved race 

A summarized statement of this situation may be helpful 
Our recently developed knowledge of the inheritance of quanti 
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tative characters seems to justify artificial selection but it does 
not justify the old blind method of selection It emphasi/cs the 
need of intelligent selection and shows how such selection can be 
made In order to do this one must uiiderst ind the mechanism 
of inheritance involved and must make his selection on the basis 
of genotype rather than phenotype All along the line strains 
must be discarded w hich though recommended by the phenotype 
of one of their ancestors are to be condemned on the basis of their 
breeding capacity Selection is always to be made on the basis 
of breeding capacity that is genotype 

The situations just considered enable one to understand two 
phenomena which have been baffling scientific plant breeders for 
some years The races of plants improved by artificial selection 
have usually reverted to type when selection ceases This fict 
was recognized for a long time but was first pointed out clearly 
by De Vries (3) Since then we have always expected this 
result that no improvement w ill maintain itself but will run back 
unless the selection is continuous When a practical breeder 
announces that he has developed by selection a new race which 
continues to breed true without further selection we are inclined 
to disbelieve him for we know that only elementary species breed 
true We explain that the practical breeder bases his selection 
on fluctuations and therefore his new race is bound to revert to 
type It is obvious now that there is a flaw in this argument 
The practical breeder may be basing his selection on fluctuations 
but at the same time he may be piling up cumulative factors in 
the right direction Thus he m%ght eventually secure a race con 
taming all the cumulative factors Such a race would be a homo 
zygote and could not help breeding true Most of the claims of 
artificially improved races that breed true may be false but it 
should be remembered that such a thing is possible and may be 
stumbled upon accidentally even with unscientific breeding 
There is another phenomenon which has been much discussed 
and which can now be explained in the same way I his is the 

so called fixation of hybrids For years breeders have made 
promiscuous crosses and then begun artificial selection with the 
F generation Eventually they have secured a pure breeding 
new type It wiU be remembered that it was in this way that 
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East worked with the quantitative characters in corn and the 
explanation is the same 

In addition to the practical value of the conception of cumu 
lative factors the theoretical value is worth considering for it 
explains things that have been very vaguely understood This 
conception suggests that the origin of species by natural selection 
in the way described by D 4RWIN a method which for some time 
has been thought impossible may actually be possible w ithin limits 

Of course natural selection in a certain sense has alw ays been 
accepted almost as generally as the fact of evolution The point 
in dispute is as follows Darwin used as the basis of natural 
selection those small individual variations which we have come to 
call fluctuations the same kind of variations the old plant breeder 
used in his artificial selection Darwin claimed that such varia 
tions could be piled up until the result w ould be a new species It 
was in 1900 that De \ries showed in convincing way that this 
kind of variation never resulted in a new species at best it onl> 
developed a race which approached the boundary of the species 
and never crossed it Moreover such a race would re\ert to 
type rapidly as soon as some slight change in conditions set up a 
new standard for selection This argument confirmed by expen 
ment has been generally accepted 

We now know that individual variations are not alw avs mere 
fluctuations or responses but may be due to varying doses o^ 
cumulative factors 4 selection on this basis may very w ell result 
in a new race that breeds true and a race that breed true is 
De \ RIES definition of a new species To reestablish D 4RWIn s 
ideas on the origin of species is certainly an important considera 
tion The situation illustrates how genetics and evolution are 
tied up together so that neither one of them can be appreciated 
fully without some knowledge of the other 

A few words may be said in reference to the reversion of an 
old race to its original specific type De Vries outlined the 
situation clearly and his conclusions are generally accepted It 
is doubtful however whether it has ever been understood since 
no one has ever devised a reasonable mechamsm for such a rever 
sion The conception of cumulative factors supphes this mecha 
nism A new race developed by natural or artificial selection 
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among individual diflerences means the piling up of cumulative 
factors in a given direction Stop the selection and the old plants 
with the small numbers of factors are allowed to survive reproduce 
cross with the others and eventually bring back the species to the 
original average condition 

One very seldom has any occasion to work out problems on 
cumulative factors since here the phenotypes do not show up as 
clearly as they do in connection with the other factor types Any 
such problems however could readily be solved by some such 
method as the following Remember that we are dealing with a 
dominance absent situation and represent the number of doses 
as exponents attached to the numbers which indicate the frequen 
cies of the different classes 

AaBhCcy^AABhcc 

The A set gives a ratio of i with two doses i with one dose and 
should be represented as i i 

The B set gives i with two doses 2 with one dose i with no 
dose and should be represented asi 2 i (i i)X(i 2 i) 
equals 33 3 i 

The C set gives i with one dose i with no doses or i i 

3^ 3 I )X(i I ) equals is 44 63 4 i The final result is i 
with five doses 4 with four 6 with three 4 with two i with one 

During the last decade the mechamsm of cumulative factors 
has been invoked to explain a great many of the phenomena of 
genetics One noted instance of this will be worth considering as 
it has a very important beanng upon one of the fundamental con 
cepts in connection with the mechanism of inheritance 

A few years ago geneticists might have been grouped into two 
schools mutationists who believed in the introduction of new 
hereditary units by mutation alone maintaining that the hereditary 
genes were invanable and could not be modified by selection and 
selectionists who believed that the genes could be modified by 
selection The most prominent figure among the selectionists 
was Castle and the mam experimental evidence upon which he 
based his view was as follows 

Castle (i) isolated a race of rats which had a black and white 
coat pattern known as hooded (the black pigmented area hav 
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mg the location and general shape of a hood) This hooded pat 
tern bred approximately true and behaved as a simple JMendelian 
lecessive in crosses with rats of the wild type These facts 
naturally led Castle to believe that hooded was a simple Men 
delian unit character represented in the germ plasm by a single 
gene 

Castle then commenced selection For twelve generations 
selections were made from this new race without a single outcross 
that IS every generation was inbred (brother and sister matings) 
thus insuring the constant purity of the stock In one series 
selection was made for an increase in the extent of the pigmented 
areas in another series selection was made for decrease in the 
extent of these areas The result was that the areas in the one 
series steadily increased while in the other they steadily decreased 
Castle pointed out that (i) with each selection the amount of 
regression ( running back ) grew less that is the effects of 
selection became more permanent in other words in each sue 
ceeding generation there was a decreasing tendency to revert to 
the original average type (2) advance in the upper limit of vana 
tion was attended by a like advance of the lower linut The 
total range of variation therefore was not materially changed 
but there was a progressive change in the point about which the 
variation occurred In other words it was like the progressive 
shifting of the center of a circle the diameter of the circle did not 
change but the position of the circle determined of course by its 
center was gradually changing These were the two important 
facts which Castle brought out and they have been stated approx 
imately m Castle s own words 

hig 15 will help make the situation clear The average 
amount of variation in any one generation of the pure stock (the di 
ameter of the circle referred to) is indicated by ^ A Of course 
even pure stock varies somewhat since no two individuals are 
exactly alike biology recognizing what is called individuality 
The point is that the compaiatively small variation in a pure stock 
is not due to germinal differences but to responses called out bv 
varying external conditions such as nutrition hght etc These 
response variations usually called fluctuations vary with different 
individuals but the hereditary capacity of all of them remains 
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the same A selection on the basis of fluctuations within a pure 
line therefore should not result in any permanent improvement 
in fact it has been demonstrated many tunes that no such improve 
ment can be effected in this wav When selection is made 



Fig 15 —Diagram illustrating Castle s selection experiment with 
hooded rats 

however among varying doses of cumulative factors an entirely 
different situation is faced for in such a case we are not dealing 
with a pure hne 

The significance therefore of Castle s results may be real 
ized He bred his original pure line for many generations and 
found that it varied only within very narrow limits and these 
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slight variations he regarded as mere fluctuations Furthermore 
he found that the character of his pure line behived m crossing as 
a simple unit character and that no complex factors \\ ere invoh ed 
With this evidence he should not have been able to effect an> 
permanent changes by selection but this is exactly what he did 
Selecting in opposite directions he developed two newr strains 
the boundaries of the new strains being distinct from one another 
and distinct from the boundaries of the original strain that is 
the non selected type that he started with 

Castle s next step w as significant He crossed each of his 
new strains with the same wild race the result being that each of 
his new strains behaved as a simple and distinct recessive unit 
The high pigmentation strain came out of the cross with the 
characteristic high pigmentation the low pigmentation strain 
came out with the characteristic low pigmentation 

The conclusion from this senes of experiments may be gi\en 
in Castle s words as follow s The conclusion seems to me 
unavoidable that in this case selection has modified steadily and 
permanently a character unmistakably behaving as a simple Men 
dehan unit The importance of this conclusion is evident 
Mendehsm had been based upon the conception that unit char 
acters could not be modified Mendelians of the mutationist 
school had granted only two possible methods for the origin of 
new races (i) by recombinations of existing characters through 
hybridizing (2) by the sudden and complete dropping out of an 
existing unit or the equally sudden addition of a new umt both 
of which possibilities might arise from mutation No mutation 
1st would grant however the possibility of modifying an existing 
unit character the thing which Castle claimed to have done 
basing his claim upon well controlled experimental breeding If 
Castle s contention were true it would result in the fundamental 
modification of Mendel s law The whole mechamsm would have 
to be modified to take into account new fields of variation that had 
not been thought to exist 

The statements of the mutationists in reference to these 
experiments should be considered They attempted to explain 
Castle s results through the cumulative factor mechanism 
The claim was made that Castle had started with a character 
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that had fluctuated continually nevei having been biought to as 
small a variability as have most other characters The question 
was raised whether Castle s assumption that this v inability was 
merely due to fluctuation was altogether justified Might not 
the variability have been due to varying doses of cumulative 
factors? Suppose for the moment that this were the case it 
would not be surprising that Castle could develop two diverse 
strains bv selection for selection would result in piling up the 
cumulative factors m one direction or the other Castle s 
lejomder was that if this were a cumulative factor situation why 
had none of the extremes appeared m the non selected stock 
which instead bred approximately true ^ The answer was made 
that the extremes did not appear in the pure bred stock merely 
because of the mathematical limitations If one is dealing with 
SIX cumulative factors and the so called pure stock has an inter 
mediate number of doses there could not be much chance of 
getting out the extremes in a single generation It would be 
necessary to secure over 4000 progeny to have an even chance of 
getting one such extreme or about 50 progeny to get anything 
that would very noticeably approach the extreme It would seem 
therefore that Castle s chances to determine this would be very 
small Rats certainly do not produce 4000 progeny in a single gen 
eration m fact they produce much les than 50 therefore Cas 
TLE s pure stock went on in the intermediate condition and only 
by selection could he pile up the factors and reach either extreme 
Thus far the explanation seemed satisfactory Castle 
showed however that the coat pattern condition behaved in 
crosses as a simple Mendelian unit that is it did not split up into 
complex ratios but came out as a recessive in a regular 3 i ratio 
This really involved no difficulty Suppose Castle crosses one 
of his pure strain rats having the hooded character with another 
race that has some pattern character that conceals the hooded 
character If this other character is a simple Mendelian one the 
result of the cross would be the ordinary monohybrid ratio that 
is in the F generation from such a cross the ratio of hooded to 
non hooded (with the hood concealing character) would be i 3 
which in fact is exactly what Castle got At the same time 
the amount of pigmentation determined by numerous cumulative 
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factors might go on. in the same intermediate condition unaffected 
by the cross The relation of pattern to non pattern is merely a 
simple monohybrid system temporarily supenmposed upon the 
other more complex system vvithout permanently affecting it am 
more than any inhibitory factor permanently atfects the factor 
it inhibits or a dominant permanently affects a recessive 

It was in this way that the mutatiomsts attempted to explain 
away Castle s results Castle did not at first admit the ade 
quacy of this explanation but continued to maintain that he had 
modified a unit character by selection and some geneticists agreed 
with him 

This question might be raised Why cling so strongl> to the 
cumulative factor hypothesis and force Castle s results into this 
conception ^ Is there anything sacred about a unit character that 
it should not be modified just as complex chemical molecules maj 
be modified in certain reactions ^ Why not admit that ^lendelian 
factors may be modified and explain Castle s results in this ay 
The reason is that when we begin to admit that unit characters 
and single Mende lan factors may be modified the \\ hole con 
ception of inheritance becomes chaos The great advantage of 
the factor hypothesis is that it furnishes the clearest method of 
describing breeding results East (4) makes an eloquent state 
ment on this point 

Taking into consideration all the facts no one can w ell deny 
that they are well described by terminology w hich require hypo 
thetical segregating units as represented by the term factor 
What then is the object of having the unit vary at will ^ There 
IS then no v alue to the unit the unit itself being only an assumption 
It IS the expressed character that is seen to vary and if one can 
describe these facts by the use of hypothetical units theoreticalh 
fixed but influenced by the environment and by other units sim 
plicity of description is gained If however one create a hypo 
thetical unit by which to describe phenomena and this unit \ aries 
he really has no basis for description 

The question was finally settled in a very neat way bj some 
critical breeding experiments that Castle himself performed on 
these same hooded rats (2) The degree of pigmentation on the 
high pigmentation strain was designated as +3 73 terms of 
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certain arbitrary units) while the low pigmentation strain was 
-2 63 Cntical examination revealed the fact that the cross 
between the +3 73 strain and the wild race brought a slight reduc 
tion in the amount of pigmentation as it appeared in the extracted 
hooded recessives in the F Repeated lecrossing of these 
extracted individuals with the wild race finally resulted m extracted 
hooded rats of the grade +3 04 No further reduction was pos 
sible in this way These results could be explained by the follow 
mg assumptions The hooded pattern is modified in degree of 
pigmentation by a varying number of doses of cumulative factors 
(as the mutationists had previously maintained) The wild 
race is characterized by having a certain number of doses of these 
cumulative factors The repeated crossings and extractions 
mentioned above would eventually result in producing rats which 
had the hooded pattern plus that number of doses of cumulative 
factors which was characteristic of the germ plasm of the wild 
race Since it was found that repeated crosses with the wild race 
could bring the degree of pigmentation down to +3 04 and no 
lower it was felt that +3 04 was the degree of pigmentation which 
would be produced by that number of cumulative factors which 
was characteristic of the wild race 

The critical test of these assumptions could be made through 
a similar mampulation of the low pigmentation strain If the 
assumptions were correct the low pigmentation strain should be 
raised finally to +3 04 by repeated crossing with the wild race 
Castle performed this experiment and got exactly this result 
one of the families from the low pigmentation strain (-2 63) being 
finally brought up to +3 05 

These results naturally caused Castle to change his views 
on the matter and served rather generally to establish the viey s 
of the mutationists The situation depended for its interpre 
tation upon the cumulative factor mechanism (Here it was felt 
that the cumulative factors were not primarily responsible for 
the production of the character m question but served merely 
to modify the degree in which it expressed itself Other cases of 
the same sort have been encountered elsewhere the mechanism 
at play being commonly referred to in the literature as multiple 
modifying factors ) 
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CHAPTER VI 


LINKAGE 

The fundamental mechamsm of inheritance which 
was proposed by Mendel and which was later supported 
by cytological studies has been confirmed time and 
again by breeding experiments Its scope is consid 
erably enlarged by the factor hypothesis but its basic 
concepts are not altered It will now be necessary to 
consider some well established facts of inheritance which 
can be interpreted only by analyzing still fuithei the 
hereditary mechanism 

It has been assumed that the chromosomes are the 
bearers of the hereditary units or genes (The term 
gene is used where it is not intended to imply whether 
the hereditary unit acts as a factor or determiner ) This 
has been warranted by the fact that the distribution of 
the chromosomes in inheritance fits exactly into the Men 
delian scheme In the cases that have been considered 
in the last few chapters the genes have always been 
located on separate chromosomes with the result that 
they have been passed on in inheritance quite mdepend 
ently of each other The intensive study of inheritance 
that has been made during the last decade however has 
revealed cases where the total number of genes known for 
the orgamsm exceeds the number of chromosome pairs 
The obvious conclusion is that more than one gene may 
be earned on a single chromosome If this is true it 
should result in decided modifications of the breeding 
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results Con\ersely the occurrence of a certain tjpe of 
breeding result would serve as a clear indication that 
more than one gene may be carried on a single chromo 
some and thus as a further confirmation of the belief 
that the chromosomes are the bearers of hereditary 
characters 

In 1911 results of just this sort were obtained in 
corn by Emerson (2) who stated This is an example 
of a feature which is probably \ery widespread in the 
plant world but of which at present we know little 
Long before any further important work was done along 
this line among plants howe\er Morgan (5) published 
the results of his \ery careful and mtensi\e breeding 
experiments with the fruit fly His ideas ha\e had a 
profound influence upon subsequent work in genetics 
He has given us a more accurate picture of the hereditary 
mechamsm and one that fits the facts bettei than any 
previously proposed In simplest terms the picture is 
this Each chromosome is a rodlike structure and 
numerous genes are arranged in a hne along this rod 
Thus Morgan further analyzes the germ plasm bj accu 
rately locating the genes (He does not attempt an\ 
description in physico chemical terms of the genes them 
selves or of the exact relation they may hold to the 
chromosomes on which they are earned) 

We cannot discuss here the many ways in which this 
fundamental conception has cast hght upon work in 
genetics Suffice it to say that it has resulted in a new 
school of geneticists whose experiments ha\e been 
more intensive more exact and in some ways more 
fundamental than those of any previous school To 
date most of the hnkage work has been done with the 
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fruit fly but a great deal of information is now being 
accumulated on Imkage in com and numerous scattered 
demonstrations of the phenomenon have been made in 
other orgamsms as well Only a rather simple explana 
tion wiU be attempted here to bring out merely some of 
the fundamental principles of the phenomenon 

When first considering Mendel s law the state 
ment was made that more than one determiner might 
be located on a given chromosome As yet we have 
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Fig i 6—Diagram showing normal dihybrid behavior when no 
linkage is mvolved 

considered no such case but linkage involves exactly 
this situation In connection with some of Mendel s 
original crosses fig i6 will be recalled In th is case a 
double donunant mates with a double recessive and the 
result IS a dihybrid ratio in the F generation following 
the production of four types of gametes by the F plants 
Suppose however that the determiner T and the deter 
miner R are carried on the same chromosome the situa 
tion would be as represented in fig 17 Here the 1 
individuals produce only two types of gametes as in a 
monohybrid so that the F presents what amounts to 
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a monohybnd ratio the tall individueis always being 
red flowered and the dwarf individuals aiwavs wnite 
flowered The results obviously arise from the tact 
that T and R are linked being located on the same chro 
mosome as are also t and r 

These hnkage results taken by themselves might 
seem to recommend the following interpretation It is 
really the chromosome itself that is the important and 
indivisible umt in inheritance while the distmction 



Fig 17—Diagram showing dihybnd behavior n hen enes are 
linked F produces only two types of gametes 

between the various genes on a single chromosome is 
purely arbitrary and unnecessary In other words whj 
need we assume that T and R are distinct genes when \\ e 
would be equally justified m assuming that tallness and 
redness are merely two of the effects produced by the 
same chromosome ^ This latter assumption may appear 
attractive but it becomes clearly impossible when some 
of the further breeding results are considered 

Following out the foregoing example (merely as an 
illustration) when it was discovered that taU individuals 
always had red flowers this fact was explained as hnkage 
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The inference was that in these same cultures there could 
never appear a tall plant with white flowers nor a dwarf 
plant with red flowers for if there were linkage and the 
chromosome were the indivisible umt in inheritance it 
would be impossible for tallness and redness to become 
separated As a matter of fact it was soon recognized 
that these impossible individuals did actually occur 
Small numbers of tall whites and dwarf leds regulirly 
appeared among the same cultures in which the linkage 
of tallness and redness had been demonstrated xnd the 
work had been done under such conditions of control 
that there could have been no experimental error 

This new fact demanded an explanation for with 
such chromosomes a&TR and tr it would be impossible to 
obtain a teill white individual so long as the individuality 
of the chromosome was maintained When chromosomes 
were examined with the modern lenses they were found 
to show all kinds of tangled contortions during the 
reduction division, and accordingly the scheme shown 
mfig i8 was devised These five stages represent phases 
that an allelomorphic pair of chromosomes may go 
through during reduction division This pair of chromo 
somes which would normally he side by side (i) may 
at times come to he across one another (2) In this 
position the middle regions of the chromosomes are m 
contact and are conceived of as fusing (3) I he spindle 
fibers from each pole then lay hold of this compound 
chromosome and the pull comes in the direction of the 
arrows shown in the figure This results in the break 
indicated in (4) Finally two new chromosomes separate 
from the old compound chromosome as indicated in (5) 
I hus T becomes linked with r and later when a m iting 
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occurs between two gametes each of which contains 
such a chromosome the result is a tall white flow ered 



Fig 18 —Illustrating how crossing over may occur 
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individual In the same way ind with cqu xl likelihood 
dwarf red floweied individual^ m ly ippcxr 

This scheme serves to iccount for the occuircnce of 
the ‘ exceptional individuals in linkage cultures Ihe 
whole phenomenon is known as crossing ooer It has 
been practically impossible to provide a direct demon 
stration that the chromosomes behave in exactly this 
manner during the reduction division but there has 
accumulated an enormous mass of indirect evidence from 
the breeding results to support this view Evidently 
the chromosome is not the indivisible unit in inheritance 
but is divisible according to a rather regular scheme 
Whole sections mav be evenly exchanged between the 
members of an allelomorphic pair of chromosomes 

Once the phenomenon of crossing over had been 
identified investigation was undertaken to determine 
the regularity and frequency of the phenomenon It 
was discovered that the amount of crossing over that 
took place between a given pair of genes had a constant 
value For example lo per cent of the crossing over 
could be depended on to occur between T xnd R in every 
experiment mvolvmg these two determiners The 
exact cross over value is of course computed from the 
breeding results obtained In the present example a 
cross over value of lo per cent between T and R would 
work out as follows In the reduction division (in the 
F hybrid which results from tall red X dwarf white) 
crossing over takes place in lo per cent of the cases 
while crossing over fails and the original linkage relation 
ships are maintained in 90 per cent of the cases As a 
result four types of gametes are produced in the follow 
mg frequencies 45 per cent TR 45 per cent tr 5 per 
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cent Ir 5 per cent tR or 9 TR gtr iTr itR IheF 
population which results from the random matings among 
this assortment of gametes is represented in fig 19 the 
phenotypic ratio being 281 tall red 19 taU white 19 



Fig 19 —Showing F population produced by random mating of 
gametes of F m a case of linkage with 10 per cent crossing over 


dwarf red 81 dwarf white In such cases of course the 
ongmal investigator has for his data only this final pheno 
typic ratio and from these data must compute the 
amount of crossing over that has taken place In actual 
practice this computation would be simplified by the 
use of a formula As a matter of fact, the necessity of 
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using any such formula can usually be avoided throUt,h 
the following expedient Instead of inbreeding the F 
it can be back crossed with the double recessive parent 
(dwarf white) This parent race is perfectly homozy 
gous so that it produces only the one type of gamete 
(in spite of crossing over which must be taking place 
here also) The results of this back cross are represented 
in fig 20 It is obvious that the phenotypic ratio 
obtained (9 tall red i tall white i dwarf red 9 dwarf 



Fig 20—Population resulting from mating of gametes of F (shown 
above) with gametes of recessive parent (only one type of gx icte shown 
at left) in a case of linka e with lo per cent crossing over 


white) corresponds exactly to the ratio among the types 
of gametes produced by the F In this way the cross 
over value is qmte apparent and no computation neccs 
sary Back crosses with the recessive parent will always 
provide results which are easier to interpret than are the 
F ratios 

As mvestigations were made of additional pairs of 
linked genes it was discovered that each such pair had 
a characteristic and rather constant cross over value 
For example assuming that a third gene A is located on 
the same chromosome with T and R by means indicated 






Linkage 


los 

above i tcbt IS made as to the cross o\ er \ alue between 
A and T Ihis value is discovered to be 20 per cent 
With these two cross over values determined consider 
able interest now becomes focused upon the relations of 
A and R Smtable tests reveal the fact that the cross 
over value between A and R is 30 per cent When three 
such cross over values as these are considered together 
Morgan s theoretical scheme of the hnear arrange 
ment of genes is immediately suggested for these 
results can best be interpreted on the foUowmg basis 
The genes are arranged m a hne on the chromosome 
and the frequency of crossing over between any two 
genes depends upon their distance apart Using arbi 
trary units to correspond with the actual percentage 
of crossing over the three genes employed in the example 
may be arranged in the order ATR with A and T 20 
units apart T and R 10 umts apart and A and R there 
fore 30 umts apart (The chromosome map first de 
vised eg fig 18 would then have to be modified some 
what to fit these new facts ) 

It IS m this manner that Morgan and his students 
have been able to construct rather startling chromo 
some maps indicating in a very exact way the relative 
position and spacing of scores of genes on a single chro 
mosome Striking confirmation of the scheme appears 
m the following fact The frmt fly possesses four chro 
mosome pairs one of which is visibly much shorter than 
the others Breeding results reveal that the many known 
genes are assoaated m just four hnkage groups one 
of the four groups containmg a much smaller number 
of genes than the other three and bemg distmctly 
shorter as mapped from the cross over values In 
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truth this scheme of Morgan s has such an enormous 
mass of data to support it that for all practical purposes 
it may be regarded as an established fact 

Cross over values in the fruit fly may run as high as 8o per 
cent and in one of the related species much higher values have 
been reported (LANCEriELD 4) Such a high cross over value 
seems rather surprising for it represents a case where the cross 
overs are much more frequent than the non cross overs It 
should be realized that a cross over value of 50 per cent where 
cross overs and non cross overs are equally frequent would give 
exactly the same breeding results as if the two genes m question 
were located on different chromosome pairs Similarly cross 
over values higher than 50 per cent would give the same breeding 
results as though the linkage were reversed that is if M and N 
were 80 units apart the breeding results of a single experiment 
involving M and N only would seem to indicate that M was linked 
with n and m with N It is evident therefore that these higher 
cross over values are computed from a considerable set of ex 
periments Every newly discovered gene is carefully tested with 
at least two other genes whose position is already known and 
thus the new gene is accurately placed on the chromosome 

The cases that have just been discussed are known as single 
cros overs the two chromosomes of the pair come to lie across 
one another at a single point and a single break with the subse 
quent rearrangement is sufficient to account for the results In 
view of the physical mechanism which seems to be responsible 
for these cross overs it is not surprising to find that there may 
sometimes occur double cross overs In these cases the two 
chromosomes come to he across one another at two points and a 
break takes place at each point with the corresponding exchange 
of chromosome regions This amounts to an even exchange of 
correspondmg zones from the middles of the chromosomes with 
the two end zones on each chromosome remaining as before Inas 
much as crossing over of any sort is detected only through its 
effect on the breedmg results double crossing over can be demon 
strated only in experiments that involve observations on at least 
three genes that are rather widely separated on the same chromo 
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some As would be expected double cross overs are much Ics 
frequent than single cros overs There have also been reported 
very rare cases of triple cross overs 

The question arises whether the frequency oi crossing over 
depends strictly and only upon the real distances between the 
genes on a chromosome In the first place it is theoreticall> 
possible that certain regions of a chromosome may owmg per 
haps to physical peculiarities lend themsel\es more readil> to 
crossing over than do other regions of the same chromosome ( \ 
suggestion to this effect appears in some of Mxjller s w ork see 
chapter on JVIutation ) This possibihtv is of necessity ignored 
in the chromosome maps which are constructed purely on the 
practical assumption that crossing over is proportional to distance 
In the second place it is recognized that certain special influences 
such as temperature and age of the organism may modify the 
normal frequency of crossing over Dependable values on crossing 
over are to be obtained therefore only when such conditions are 
absolutely standardized (Sturtevant 6) Further one of the 
outstanding and unexplained peculiarities of this phenomenon is 
that in the frmt fly crossing over takes place freely m the female 
while none whatsoever takes place m any of the chromosome pairs 
of the male It is interesting to note that m organisms w here the 
female is heterozygous for sex—female homoz\ gous for sex m the 
fruit fly—exactly the reverse is true crossing over taking place in 
the male but not in the female (Tanaka 7) In corn where both 
sexes are represented on the same individual there is no such 
restriction for crossing over takes place w ith approximately 
equal frequency in microsporogenesis as m megasporogenesis 
(Emerson and Hutchinson 3) Finally it has been demon 
strated that the presence of certain pecial genes will modify the 
frequency of crossing over so that it has been possible to isolate 
races of the fruit fly in which an extremely high or an extremely 
low rate of crossing over takes place (Sturte\ant 6 Dettee 

SEN l) 
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CHAPTER VII 
MUTATION 

When He Vries discovered the phenomenon of 
mutation in Oenothera Lamarckzana he stated that 
mutations were quahtati\ e discontinuous constant 
changes m the germ plasm (see p 6) These three 
fundamental characteristics still hold true but some of 
He Vries other ideas have been considerably quahfied 
by later work The critical analysis of the germ plasm 
that has been eftected during the last decade has made 
it possible to describe mutation in a much more exact 
way than before and to describe it in termb of the 
Mendelian mechamsm 

For convemence our discussion of this general subject 
will be put into the form of a classification (Ihe 
sequence followed in this classihcation is that ot the 
increasing magmtude of the area ot the germ plasm 
affected by the change ) 

I GENE CHANGES 

I Locus CH4NGES —These are changet> re^^tricted 
to a single locus of one of the chromosomes so that the> 
involve only one gene without affecting e\en it& nearb^^ 
neighbors Usually they are effective on only one chro 
mosome of a pair without affecting the corresponding 
locus of its allelomorphic mate Consequently the 
change first appears m the heterozygous condition 
(Baur estimates that such changes originate in the 
heterozygous condition four hundred times as frequently 
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as m the homozygous ) They are mostly loss mutations 
and recessive to the previous condition Only a very few 
dominant or gam mutations have ever been reported 

Baxir. (i) workmg with Anhrrhtnum concludes that 
changes of this sort take place more frequently in the 
vegetative tissues than in connection with gametogenesis 
The earlier work on the fruit flv indicated that the 
locus changes took place late m gametogenesis since only 
one mdividual of the new type would appear in a pro 
geny Later investigation however has indicated that 
the change may take place at almost any point m onto 
geny (Bridges 4, Muller 8) (There are also indica 
tions that changes of this sort may take place in purely 
somatic tissue although in such cases of course the modi 
fication cannot be perpetuated See also chapter vui 
on this matter) 

Zeleny (12) states that there is no periodicity to 
these mutations thus refuting one of the early ideas of 
De Vries The same investigator demonstrates that 
rever e mutations are more frequent than original muta 
tions (This however is simply because they are in 
the reverse direction and not because of their recent 
ongm) In the case of these reverse mutations the 
changes are always full jumps back to the original 
starting point and nev er result in an intermediate con 
dition nor wiU the selection of extreme types at aU 
modify the rate at which these reverse mutations occur 

Muller and Altenburg (10) who have conducted 
a critical examination of the fruit fly for mutations 
occurrmg on the first and second chromosomes state 
that the vast majority of locus changes have a lethal 
or semilethal effect when present in the homozygous 
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(recessive) condition (It is obvious therefore that a 
critical search for these mutations must involve a very 
special techmque These authors are m possession of 
such a techmque through their intimate knowledge of 
the hnkage groups on the chromosomes in question and 
their ability to detect the absence of certain expected 
classes ) On one chromosome they uncovered the start 
ling fact that per cent of the mutations were located 
in a restricted region at one end of the chromosome which 
amounted to about 2 per cent of its length as charted 
from cross over values (It is an open question whether 
this indicates a highly mutable region of the chromosome 
or whether cross over values are an inaccurate mdex of 
length ) 

The most proimsmg phase of AIuxler s work arises 
from his critical study of the rate of mutation Consider 
mg the whole length of the first chromosome of the fruit 
fly one mutation occurs in 106 gametes For the second 
chromosome the corresponding value is one in 
gametes Zeleny states that locus changes occur as 
frequently m one sex as m the other Havmg estab 
lished these constants Muller is now inv estigatmg the 
possibfiity of modifying the normal rate of mutation 
Already he has been successful m depressing the rate one 
half by means of low temperatures Eventually such 
knowledge may be turned to some practical v alue 

Two further pomts should be mentioned about the 
locus changes Variation of this type has been encoun 
tered (or at least identified) much more frequentlv than 
have any of the other types of changes mentioned below 
The term mutation is usually restricted by geneti 
cists to apply to locus changes 
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The presence and absence hypothesis has been very generally 
accepted because of its value in simphfying our concepts and pro 
viding the most convenient scheme of notation At the same time 
it is recognized that this hypothesis may not strictly represent the 
truth in all cases There are two outstanding types of evidence 
that can hardly be interpreted by means of the presence and 
absence concept One of these will be discussed later in another 
connection (p 151) The other is as follows 

In some cases other possibihties may be realized in connection 
with a single locus than merely the presence or absence of a given 
gene For example at a given locus on one of the chromosomes in 
corn a condition W may exist which results in colorless pericarp 
In other plants that same locus may bear the gene V vanegated 
pencarp and in still others S completely colored pencarp 5 is 
dominant to \ and \ to W (see also p 119) 4 s a matter of fact 
these three are simply representatives of a series of ten different 
conditions that ma> be present at a given locus Such cases are 
spoken of as systems or senes of multiple allelomorphs and it would 
be diflacult to harmonize them stnctly with the presence and 
absence hypothesis 

The relation of systems of multiple allelomorphs to mu 
tation IS significant It would be possible to arrange the genes 
involved in any system of multiple allelomorphs in a senes 
placing at the top the one which was dominant to all the 
others and at the bottom the one that was recessive to all the 
others This senes however in no way reflects the order in which 
such genes have onginated by mutation In the fruit fly there 
IS a famous senes of multiple allelomorphs for eye color ranging 
from white through progressive steps in intensity of coloration 
but It is not true that white first mutated to a light shade which 
later mutated to the next darker shade and so on nor is it true 
that this senes of mutants came off in a regular sequence down the 
scale of color intensity In short within a senes of multiple 
allelomorphs the mutants come oft in discontinuous rather than 
contmuous senes It follows that mutations cannot be led 
along in a gi\ en direction by means of selection 

Further although it is common that all the genes in a senes of 
multiple allelomorphs aftect the same general character exceptions 
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to this have been noted Muller (9) cites a case in vhich the 
different mutant genes at the same locus may cause either shorten 
mg of v mg eruption on thorax or a lethal effect 

\t the same time although w e are thus repeatedl> encounter 
mg evidence on the discontmmty of mutation it is possible that 
there is an underlying contmmty of a sort that ve are not in a 
position to measure A statement of Morg-^n s (6) bears on this 
point Evidence is fast accumulating that common genes 
probably undergo analogous mutation m related species the 
direction being conditioned by the ph>sico chemical constitution 
of the gene and not by some hypothetical directn e force 

2 CoAiPLEXMUTATiONS—It IS perhaps surprising that in 
spite of the numerous cases of locus changes that were being 
discovered there w ere for a long time no clear cases of mutations 
involving simultaneous changes in se\eral neighboring factors in 
one region of a chromosome Nilssox Ehle (ii) now claims to 
have such a case and calls it complexmutation \ ormal w heat 
mutates to bearded speltoid involving a simultaneous change 
in tw o closely linked genes \mong the F progen> of normal \ 
mutant appear a few bearded normal type and beardle s speltoid 
but only a few due to the very close linkage of the two mutated 
genes In another case the same investigator claims that three 
linked factors have mutated simultaneously 

3 Deficiency —A. rare phenomenon has been de cnbed b\ 
Bridges (3) working on the fruit fly Deficiency a he call 
it is something more extensive than a simple locus change (and 
probablv more extensive than the complexmutations) It is a 

regional mutation involving an inacti\ation of a portion of 
a chromosome so that the genes on that region of the chromosome 
are rendered ineffective (nor can crossing over take place m that 
region) 

II CHROMOSOME CHANGES ( CHROMOSOME 
ABERRATIONS ) 

I Duplication—Bridges (3) describes another rare type 
of change in the germ plasm to which he gives the name duphca 
tion Judging from the very unusual breedmg results obtained 
some abnormality in connection with mitosis has resulted in the 
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appearance of an extra piece of chromosome which duphcates in 
its gene content a known region of one of the normal chromosomes 
An organism in this condition is really tnploid with respect to a 
part of one of the chromosome sets 

2 Is ON DISJUNCTION —^This phenomenon made fa 
mous through the classic work of Bridges on the sex 
chromosomes of the fruit fly (chap xui) may prove to 
be a fairly common occurrence In an irregular reduc 
tion division one of the chromosomes fails to disjoin 
properly from its mate As a result one or two gametes 
are formed with an extra chromosome and others which 
lack this chromosome The latter fail to function but 
a mating of the former with a normal gamete would 
produce a zygote with an extra chromosome B lakes 
LEE Belling and Farnham (2) have discovered this 
phenomenon m the jimson weed Datura The normal 
diploid number of chromosomes in this form is twenty 
four Twelve different mutants have been discovered 
with twenty five chromosomes each This seems to 
indicate that each of the twelve chromosomes (haploid) 
has failed to disjoin at least once in history These 
twelve new forms are abnormal in their vegetative fea 
tures notably low in fertility and tend to revert to 
the normal diploid ancestor 

3 Tetraploidy —\ humed or incomplete mitosis 
wiU sometimes result in the simultaneous duphcation of 
all of the chromosomes This phenomenon has been 
observed several times m culture and there are indica 
tions that it has taken place frequently m the past 
A general survey of the chromosome counts m our exist 
ing plants and animals emphasizes the fact that the 
haploid number is much more frequently an even number 
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than an odd one This together with the fact that 
there are several speaes groups in which the chromo 
some count of some of the members is just twice that of 
the others suggests that tetraploidy may have plajed 
a considerable role in evolution Tetraploidy commonlj' 
but not always brings gigantism 

Blakeslee now puts the fimshing touches on this 
tetraploidy conception by more work on Datura In 
addition to the abnormal forms with twenty fi\ e chromo 
somes he has discovered one completely tnploid (thirty 
SIX chromosomes) and one tetraploid form (forty eight 
chromosomes) These latter both seem to be in a 
better balanced condition than the non disjunctional 
(twenty five chromosome) forms since they are more 
normal with respect to their vegetative features and 
fertility 

The beauty of the situation arises from the fact that 
the tetraploid type contams a previously known Mende 
ban factor In normal diploid forms a hybrid of the 
composition A a will give a 3 i ratio of purple flowered 
and white flowered in the F The tetraploid hybrid 
AAaa gives gametes in the ratio i444^4 x aa 
Chance matings among these results m an F of 3^ 
purple I white The Fj and later generations beha\e 
according to expectations on this basis 

As stated before the term mutation is now commonlj- 
restncted to locus changes The author has not discovered the 
conventional term to include all of the foregoing cases unless it be 
merely germinal variations 

The bearmg of these phenomena upon evolution might be 
considered bnefly Until a few years ago the general belief on 
evolution included the followmg notions mhentance of acquired 
characters has been exploded Darwiman vanations are rather 
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dubious as a basis for explaining evolution but mutation with 
natural selection among the mutants will doubtless account for 
most of the facts No\\ in view of the more accurate knowledge 
of the mutation phenomenon that has been developed in recent 
years the adequacy of mutation in explaining evolution must be 
considered more critically 

First of all it is evident that complexmutation defi 
ciency and duphcation could have played no important part 
in evolution merely on account of the extreme rarity of these 
phenomena if for no other reason Locus changes are sufficiently 
common but consider the quahty of the mutants which result' 
In practically all cases the change is a loss mutation and surely 
evolution cannot be accounted for on such a basis f One might 
merely regard this as evidence of the trial and error method by 
which nature operates only rarely making those gams which 
must serve as the basis of progressive evolution A few gam 
mutations have been reported but there is reason to suspect that 
even these may be merely reverse mutations regaining that 
which had previously been lost Furthermore the locus changes 
that have been reported be they losses or gams have seemed 
consistently non adaptive In short it is difficult to imagine how 
progressive evolution can be accounted for either through single 
locus changes or through the accumulation of numerous locus 
changes One can readily admit that such changes may account 
for the multipL cation of varieties or even species on the same 
level but can hardly be convinced that our larger phylogenetic 
edifices have been erected from such building blocks It is quite 
likely however that our knowledge is stiU too limited to visualize 
the evolution of the ages in terms of what we have seen happening 
during a very few years 

'Non disjunction is out of the question as a basis for evolution 
ary progress The resultmg unbalanced forms are clearlv 
abnormal and it is \ ery doubtful whether they could permanently 
perpetuate themselves under the most favorable conditions much 
less sur\T.\e under conditions of sharp competition and environ 
mental stress 

Tetraploidy might well account for a certain amount of evolu 
tionary progress and we have good evidence that it has actually 
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clone so in the past Ihe tetraploid form has more doses of de ir 
able growth factors than had its diploid ancestor and as a rule is 
visibly more vigorous in one respect or another \ theoretical 
limitation however applies here also Tetraploidv involves 
merely a quantitative gam a multiphcation of genes alread\ 
present One feels that not much progressive evolution could 
take place without the appearance of qualitatively new gene and 
the production of distinctly new adaptive characters 

It would be safe to state that the foregoing considerations ha\ e 
caused many biologists to feel less certain in explaining evolution 
than they were a few years ago This loss of faith m mutation 
taken together with recent discoveries on inheritance of acquired 
characters (see chap 11) is causing many to seek an explanation 
of progressive evolution in Lamarckian terms 

It IS of some interest to note that the original classic 
examples of mutation provided by De \ ries are probably not gen 
mne cases It had long been suspected by some that Oenothera 
Lamarcktana was a hybrid and its mutants merel} extracted 
recessives but it was difficult to account on this ba is for the v er> 
small number of mutants that were thrown every generation 
AIuller (7) probably deserves the credit for solving this vexing 
problem In the fruit fly he discovered an essentially true 
breeding hybrid race and explained it by a system of balanced 
lethal factors These factors assert their lethal effect only when 
they occur in the homozygous recessive condition In thi race 
of flies two such factors are present m heterozygous condition on 
the same pair of chromosomes the dominant members of the 
heterozygous sets being on the opposite chromosomes of the pair 
Such a hybrid continues to breed true as such since an> attempt 
to segregate brings the homozygous recessive condition of one or 
the other lethal with resulting death to the progeny The reces 
sives of any heterozygous set of genes on this same chromo 
some pair will remain concealed when this stock is allowed to 
inbreed Occasional crossing over will cause the appearance of a 
few of these recessives (in predictable frequencies) like the mu 
tants thrown by Oe Lamarckiana 

In fact De Vries himself now subscribes (5) to an explanation 
fundamentally similar to the preceding About one half of the 
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seeds of Oe Lamarcktana are empty De \ RtbS explains this 
by saying that Lamarcktana produces two kinds of gametes the 
typical or laeta and the oelutma Each gamete has a lethal factor 
closely linked with the character factor Heterozygous combina 
tions give good seeds homozygous give sterile If one of the two 
lethal factors becomes vital the Oe laeta or Oe veluhna muta 
tion appears 
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CHAPTER VIII 

BUD VARIATION 

The outstanding feature of bud variation is that w e know very 
little about it It is true that quite a number of cases of bud 
variation have been investigated but it could hardly be said that 
altogether satisfactory explanations of the phenomena have as yet 
been provided The relation between bud variation and the 
Mendehan mechanism is difficult to visualize with much clearness 
nor IS it easy to interpret the various cases in terms of each other 

Bud variation may be defined as variation originating m vege 
tative tissue Such variation might involve merely (i) fluctua 
tion a response to environmental stimulus or it might involve 
(2) a change in the genetic constitution of the parts afiected 
Cases of type (i) need not concern us here smce such variations 
are not inherited As for type (2) this should be subdivided into 
(a) cases m which the variation involves both somatic and germinal 
tissue and in which therefore the variation will be heritable 
through seed and (^) cases m which the variation involves somatic 
tissue alone the variation not being heritable through seed A\ ith 
these distmctions in mind we may consider a classification of the 
phenomena of bud variation which is based primarily upon the 
ideas of Emerson (6) 

I SOMATIC MUTATION OF GENES 

This may be illustrated by some of the findings of Emerson 
in corn An illustration of variation involving both somatic and 
gerimnal tissue is provided by the behavior of pericarp color 5 
IS a gene which results in self (completely) colored grams being 
dominant to V which produces vanegated grams and which in 
turn is dommant to IV which produces colorless grams (These 
are three members of a senes of multiple allelomorphs see 
p II2 ) Com of the formula VW and which should therefore 
have all the grains vanegated will at times have some grams that 
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arc self colored Further breeding reveals that somatic mutation 
has occurred in the tissues concerned \\ ith the formation of these 
grains such that I U has become 5IF The change has taken 
place not only in the somatic tissue of the grains in question but 
also in the germinal tissue within the grains and is inherited 
accordingly It is concluded that the recessive variegation gene 
V has mutated to its dominant self color allelomorph 5 

Without attempting a discussion of the breeding tests upon 
which Emerson based his conclusions it will be worth while at 
least to mention some of the other peculiarities of this phenome 
non T mutates to S rather frequently but TT never mutates 
to S V in the heterozygous condition (VW) mutates to 5 five 
tunes as frequently as w hen it is m homozygous combination (W) 
The mutation takes place late in ontogeny much more often than 
in early ontogeny As a result there are many more cases where 
small patches of self colored grains appear on variegated ears than 
where large patches appear In corn of the VV formula only 
one of the V genes ever mutates to 5 at a given time Reverse 
mutations S changing to I have also been noted 

This same material provides also an example of somatic muta 
tion which involves the soma alone and not the germinal tissue 
In situations essentially similar to those described above there 
may appear on the vanegated ears a few aberrant grains which are 
apparently self colored only on the crown of the seed This 
character has been designated as dark crown and it is notable 
that it is ne\er inhented Microscopic examination of the dark 
crow n and of the fully self colored seeds indicates that in the former 
the epidermis alone is colored while in the latter the epidermis 
alone remams colorless The conclusion seems warranted there 
fore that the two types of vanation are fundamentally the same 
both bemg true gene mutations and that the non inheritance of 
the dark crown type is due to the accident that it occurs in the 
epidermal tissue outside the germ tract 

II SOMATIC SEGREGATION 

It has been pomted out by several investigators that bud 
variations appear much more frequently in plants that are hetero 
zygous for the genes concerned than m plants which are homozy 
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gous Ihis may be true but it \vould not be safe to conclude that 
there is any mechanism ever provided in somatic tissue which 
corresponds to the normal Mendelian mechamsm for segregation 
during gametogenesis If somatic segregation ever takes 
place It is through the operation of some quite different mecha 
nism as indicated in the examples given below 

1 Chromosoj^ie elimination —A theoretical illustration 
would be as follow s 4 plant heterozygous for linked genes A B 
a b has an irregular mitosis take place m some part of its somatic 
tissue One of the daughter nuclei of this mitosis fails to receive 
its full complement of chromosomes the A B chromosome ha\nng 
somehow been eliminated This cell and its progeny haploid now 
with respect to this chromosome pair which is represented only by 
the a h chromosome wiU form tissue in which the recessive char 
acters a and will become manifest 

This would be the pnnciple underlying somatic segregation 
through chromosome elimination As a matter of fact there are 
really only two clearly demonstrated cases of this sort and both 
of these are limited to rather special situations In one of these 
cases gynandromorphism in the fruit fly a special chromo 
some set is involved the sex chromosomes This will be taken up 
therefore in the chapter on Sex determmation In the other 
case endosperm mosaics in corn a special tnploid tissue the 
endosperm is involved This case will be discussed in the chap 
ter on The endosperm in inhentance 

2 Chiiviaeeas —A chimaera is a plant in which some of the 
tissues have all of the charactenstics of one variety or species 
while the rest of the tissues on this same plant are characteristically 
those of a different variety or species The most famous chimae 
ras are the graft hybrids of Solanum produced by \\ inkler 
(lo) This investigator made grafts of two distinct species of 
this genus the tomato and the mghtshade After the tissues of 
stock and scion had been given time to weld together \\ ink 
LER cut the stem m such a way that the exposed cross section 
was made up partly of tissues of the stock and partly of scion 
tissues From this cut surface adventitious buds would arise 
and at times these buds came at the exact pomt where stock and 
scion tissues were in contact Such buds developed branches which 
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w ere sccto) al diimaeras the tissues ot one side of the branch being 
those of the tomato \\ hile the tissue of the other side of the branch 
were night shade tissue Such sectoral ehiniaer is w ould not 
infrequently later produce branches that were peridinal chimaeras 
having the tissues of one species inclosed w ithin an envelope of the 
other That these w ere really penclinal chimaeras w as established 
by chromosome counts (tomato and nightshade having different 
chromosome numbers) and by the fact that seedlings produced 
by them were always of the species of the subepidermal tissue 
from which the gametes anse The penclinal chimaeras in turn 
were observed at times to produce branches wholly of one or the 
other of the parent species a performance which may well be 
regarded as a type of somatic segregation 

Fundamental!} the same beha\ior has been observed in 
certain natural penclinal chimaeras (notably in types of Pelar 
gomum Baxjr 2) involving white (deficient in chlorophyll) and 
green tissues The manner of ongin of these natural chimaeras 
IS unknown but it is quite possible that they arose as somatic 
mutations 

A ver> interesting case has been reported by Bateson (3) m 
Bouvardta w hich presumably may be something of the same sort 
as the foregoing \ aneties of Bouvardia that are maintained true 
to type by propagations from stem cuttings produce plants with 
very different flow er form size and color when propagated by root 
cuttings Since in normally produced buds of the stem both the 
epidermis and the deeper lying tissues are maintained through 
direct cell hneage w hile the roots produced by stem cuttings arise 
from the plerome and break through the periblem and dermatogen 
forming these parts anew sprouts that develop from the roots 
must haie the genot\pe of the stele rather than that of the cortex 
or epidermis 

It is clear that classes i and 2 represent distinct types of 
somatic segregation the first ansmg as the result of irregular chro 
mosome distnbution and the second from a segregation on the 
pait of tissues as a whole Both might well be regarded as anom 
ahes since thev are to be explained by irregularities in the com 
mon plant program There remains to be considered one more type 
of somatic segregation and here although no such finely balanced 
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mcchamsm for begrcgatioii is involved as ihaL ol the reduction 
division at least the segregation is eltected with some regular!t\ 

3 Cyioplasmic SEGREGATION' —Numerous cases of apparent 
segregation of cytoplasmic elements hav e been prov ided in plants 
Ail of them involve visible effects on chlorophyll and all show non 
Mendelian inheritance (Cytoplasmic segregation is the conclud 
mg item in Emerson s classification of bud variation In order 
better to bnng out the relationship between cytoplasmic segrega 
tion and certain other plant phenomena this item will be taken 
up as a pait of the following classification [from \\ inge 9] of cases 
of chlorophvU inheritance) 

Chlorophyll Inheritance 

I Mendelian inheritance the characters being carried in 
the nucleus 

Quite an array of case of chlorophyll deficiency have been 
found to be inherited according to the normal Mendelian mecha 
nism In this class have been noted albino pale green yellow and 
variegated types w hich are (usually) inherited as imple IMendelian 
recessives to the normal green condition 

II Non Mendelian inheritance the characters being carried 
in some extra nuclear portion of the gametes (Emerson s cy to- 
plasmic segregation) 

I Biparental inheritance the male as well as the female par 
ent contributing (presumably) both cytoplasm and plastids to the 
zygote 

A The chlorophyll character gov erned by the distribution of 
the plastids themselves 

An example of this type of thing is provided by the work of 
Baur (2) on certain types of Felargomum where the following 
behavior has been noted If a white leaved plant (w hite leav ed 
branch see below) and a normal green leav ed plant are crossed 
(either way) the resulting hybrid illustrates what has been called 
by some particulate inheritance that is the hybrid is vane 
gated showing irregular patches of green and white If one of 
these white patches completely includes a bud there will probably 
be produced by that bud a completely white branch The flowers 
of this branch when self fertilized give nse through their seeds 
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to \\hite individuals only and would evidently continue to breed 
true to the white condition if white individuals could be matured 
In like manner the variegated hybrid may give rise to a pure green 
branch which would start a line of pure green individuals 

A suggested explanation of this situation is that the white 
condition results from the occurrence of purely colorless plastids 
in the tissue while the green condition has the normal green 
chloroplasts cross between the two types will introduce into 
the hybiid zygote a mixture of green and white plastids ( plastid 
pnmordia ) and the same result will be obtained whichever way 
the cross is made since the male as well as the female parent con 
tributes plastids to the zygote During somatogenesis in the plant 
which develops from such a zygote there will be an inevitable 
segregation of green and white plastids since there is no mecha 
msm provided for a perfectly even distribution to daughter cells 
of those cell components which he outside the nucleus If the 
number of plastids per cell be not too large sooner or later 
through the operation of the laws of chance cells will arise which 
contain plastids entirely of one sort or the other and these will 
produce tissues which are pure green or pure white 

B The chlorophyll character governed by the distribution 
of other and finer cytoplasmic elements than the plastids them 
selves 

Again male and female parents both contribute the effective 
extra nuclear elements to the hybrid zygote and again a tendency 
toward irregular segregation appears during somatogenesis of the 
resulting plant In this case however the effective umts are so 
small and numerous that a complete segregation of units of the 
two types is never achieved but merely the production of rela 
ti\ el> paler and relatively greener regions on the plant 

The behavior of Ikeno s (7) albornaculata type of Caps%cum 
might be mterpreted on this basis Paler and greener patches 
occur on the alhomacidata plants and the average paleness of the 
whole individual may be greater or less Since this average 
paleness of the parent is reflected in the nature of the offspring 
from any sort of a cross it 15 felt that such a parent produces 
gametes having a characteristic proportion of green and white 
elements or umts w hatever these elements or umts may be 
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2 Maternal inheritance the male parent contributing onl> 
a nucleus to the make up of the z> gote 

In cases of this sort the source of pollen makes no difference 
so far as the chlorophyll character is concerned Consequently 
since this maternal inheritance cannot be accounted for bv par 
thenogenesis in the plants that were used it has been concluded 
that the seat of the character in question is m something that the 
female parent regularly contributes and the male parent never 
contributes This idea is supported by certain cytological e\ idence 
that suggests the fact that in some plants at lea t the male 
nucleus is stripped clean of its cytoplasm at the time that it is 
discharged from the pollen tube into the embryo sac \ similar 
distinction to that made under i may also be applied here 

\ The chlorophyll character governed by the distribution of 
the plastids themselves 

It follows that pure green and w hite parts \\ ill at times segre 
gate out m the variegated plants concerned Corejens (5) 
albomaculata type of Mtrabths is said to be an example of this sort 
of thing 

B The chlorophyll character governed by the di tnbution of 
other and finer cytoplasmic elements than the plastids themseh es 
It follows that absolutely pure green and pure hite parts ill 
never segregate out but only relatively paler and relativ ely c^reener 
parts Wince (9) cites some of his o\\n \\ork on a variegated 
type of Humulus as an example 

In conclusion it should be said that opinion as to the seat of 
chlorophyll inheritance is by no means settled It w ould doubtless 
be wise to regard the foregoing classification of Wince s merely 
as a convenient form in which to arrange the available evidence 
other investigators would certainly disagree with some of \\ inge s 
interpretations of the phenomena 

As an example of a case which can hardly be forced into 
Wince s classification Anderson s (i) green and white variegated 
race of corn might be cited Inheritance is strictly maternal and 
pure green and white areas segregate out on the leaves Presum 
ably then this would fit mto Wince s class II \ But a care 
ful cytological investigation of this material by Randolph (8) has 
revealed that there can be no sharp segregation among green and 
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white plastids at play to account for the green and white areas 
that it must be rather a matter of the general physiological 
condition of the tw o types of tissue It is interesting to note that 
in this case a type of somatic segregation occurs on the ear of the 
variegated plant resulting in certain groups of seeds that will 
produce green seedlings other groups of seeds that will produce 
white seedlings and still other groups of seeds that will produce 
variegated seedlings 

In short the cases of chlorophyll inheritance on a non JMen 
delian basis are still under considerable discussion a perfectly 
clear interpretation of the phenomena is not as yet available Of 
this much how ever w e may be sure there is such a thing as non 
Mendelian inheritance and it becomes manifest in connection 
with a t>pe of character which on other occasions is inherited 
according to the normal IMendelian scheme In any event such 
cases should not be regarded as a violation of Mendel s law but 
merely as something outside the scope of Mendel s law since they 
are evidently transmitted by some extra nuclear mechanism 

In good part the known examples of non JMendelian inherit 
ance are limited to such cases of chlorophyll inheritance as have 
been cited above There is another small group of cases however 
that must also be regarded as illustrating non Mendelian inherit 
ance although in quite a different way Bateson and his 
coworkers (4) have discovered certain instances (e g inheritance 
of doubleness in Maithtola) in which the male and female organs 
of the same plant differ in the factors they carry A clear explana 
tion of this phenomenon has not been provided but whatever 
the explanation may turn out to be it seems certain that it will 
provide an exception to the normal Mendelian mechanism Such 
cases have led B ateson to suspect that plants as genetic machines 
differ fundamentally from ammals segregation being clearly 
connected with synapsis in animals but not always m plants 
This difference in the machinery may be tied up with the fact that 
in ammals the rudiments of the gametes are often visibly sepa 
rated at an early embryonic stage whereas in the plant they are 
given off from persistent growing points 
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THE GAMETOPHYTE IN INHERITANCE 

Thus far the discussions have dealt with inheritance in sporo 
phytes in fact genetics practically never considers gametophytes 
through which inheritance must pass from one sporophyte to the 
next The reasons for this neglect are obvious Practically all 
of our land vegetation is made up of sporophytes and therefore 
practically all of our experimental material has been sporophytes 
Furthermore gametophy tes are inconspicuous (out of sight in 
seed plants) hard to get at hard to w ork with and apparently of 
no economic importance Besides in animals as is well known 
the generation equivalent to the gametophyte of plants is repre 
seated by only a few cell divisions in the maturation of gametes 
In other words the gametophyte has no significance as a discrete 
generation m the animal kingdom and since inheritance in plants 
is of mterest to the public chiefly because it throws some light upon 
inheritance in ammals there has been httle demand for any knowl 
edge of inheritance in gametophytes 

It is not surprising therefore that verv little study has been 
made of the gametophyte generation in inheritance There are 
reasons for beheving however that such a study might be verv 
profitable The gametophyte generation with its haploid chromo 
some number would provide an mteresting and critical test of the 
Mendehan mechanism of inheritance Certain features of inherit 
ance would be expected to differ radically from inheritance in 
sporophytes A generalized example rmght be considered 

Gametophyte is characterized by exhibiting the A character 
but not the B The reverse is true of gametophyte aB A cross 
between the two would produce zygote AaBb followed by a sporo 
phyte of the same formula The following gametophyte genera 
tion would contain four types in equal numbers AB Ah aB and 
ah This is the program that would have to be followed if the 
Mendehan mechamsm were at play One would expect there 
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fore that there would be the following outstanding character 
istics of inhentance in gametophytes (i) There could be no 
possibility of dominance since but one representative of an allelo 
morphic pair could be present 4ny discovery of blending inherit 
ance in gametophytes (with respect to a monoh>brid situation) 
would serve to cast doubt upon the Mendehan mechanism (2) 
Clear segregation would appear m the first generation following 
the cross and the phenotypic ratios would be qmte diiterent from 
those encountered among sporoph> tes The vanous factor t\ pes 
might of course be expected to operate but again the ratios 
obtained would be unusual \11 of this however is little more 
than idle speculation serving merely to point out disco\ erie that 
might be expected in the future 

\ study of inheritance in gametophytes might be profitable 
for other reasons also Among those higher plants which ha\e 
been the objects of genetical research the sex act is a \ery well 
insulated performance occurring deep within the tissues Fur 
thermore it is both prefaced and follow ed by quite a sequence of 
events which we know must be taking place with considerable 
regularity but which we cannot control Surely there would be 
much greater hope of any artificial manipulation of the sex act 
making possible a more critical study of the germ plasm in those 
orgamsms where the gametes themselves could be mampulated 
It would seem that such things might be possible in those lower 
plants where the gametophyte is the dominating generation 
although the technique necessary for such expenment would 
doubtless be difficult to develop 

The actual work that has been done on inheritance in game 
tophytes is practically ml Pure line studies haxe been made in 
a number of thallophytes selection has been attempted and 
some mutations have been found but none of the expenment 
has revealed anything critical on the matter of segregation of 
characters following a sex act 

Transeau (2) has made some observations on the green al^a 
Spirogyra which while they did not involve any expenmental 
work were nevertheless quite suggestive This author w as famil 
lar with several species of Sptrogyra m their natural habitats and 
noted several natural populations which w ere clearly mixtures of 
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two or more different species Under such circumstances fila 
ments of one species were observed in the act of crossing with 
filaments of another species Furthermore in such mixed popu 
lations there were discovered some filaments which were evidentlv 
the products of previous crosses for they clearly showed new com 
binations of the characters of two species It is to be hoped that 
exact experimental w ork w ill prove feasible with this genus 

One instance of the clean segregation of characters in the 
gametophyte generation is to be found among angiosperms 
Belli>.g s semi sterility among beans This will be described 
later in the discussion of the general subject of sterility For the 
most part the gametophyte of angiosperms seems to be merely 
an expressionless intermediate stage between succeeding sporo 
phyte generations As East (i) puts it Modern discoveries 
tend more and more to show that the sole function of the gameto 
phyte of the angiosperms is to produce sporophytes The char 
acters which they carry appear to be wholly sporophytic the 
factors which they carry functiomng only after fertilization 
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CHAPTER X 

STERILITY 

The subject of sterility in plants is only in part a matter of 
genetics Alany of the problems in\olved can be solved only by 
the physiologist ecologist or cytologist Some phases of the 
ubject howe\er have been rather successfully interpreted in 
terms of genetics Tentative outlines of the general subject will 
be presented merely to show what parts of the problem are being 
attacked by the geneticist 

First of all sterility might be classified in terms of the effects 
produced 

A Sterility Complete failure of the sex act 

B Semi sterility Failure of part of the pollen or part of 
the ovules or part of both 

C Self sterility Pollen and ovules functional in cro 
fertilization but not in self fertilization 

A more comprehensive classification might then be arranged 
on the basis of cause although such a classification in our pre ent 
state of knowledge must be rather \ ague and uncertain 

I Environmental causes (IVIerely a few examples wiJl be 
indicated This part of the subject properly belongs to the 
ecologist and physiologist ) 

The examples of environmental causes ^i^en below commonlv 
result in complete sterility A although under special circum tances 
situations corresponding to B or C might be set up 

I Conditions too moist 

When species that have become adapted to relatixely dry 
conditions are subjected at the time pollen is mature and sheddmg 
to unusually moist conditions the pollen grains may absorb 
enough moisture to swell up and burst prematurely thus losing 
their usefulness (The sex act might also be circumvented by 
hard ram coming immediately after pollen distribution which 
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woiild wash the pollen grains off the stigmas and thus result in a 
certain amount of stenlity ) 

2 Conditions too dry 

Unusual drought at the period that the stigmas are receptive 
may dry the stigmatic surfaces to such a degree that pollen grains 
will not adhere and germinate Conditions of this sort at times 
limit the setting of seed in such plants as corn 

I and 2 provide an illustration of a principle which is frequently 
encountered in biology—opposite extremes of conditions bringing 
a similar end result (although the intervening sequences of causes 
and effects will of cour e differ) •Other illustrations of this same 
thing appear later in this classification 

3 Poor nutntion 

This may so limit the development of plants that they fail to 
mature up to the point of effecting a sex act 

4 Good nutrition 

\ prmciple familiar to botamsts is that the optimum growth 
conditions frequently maintain the plant in the purely vegetative 
phase so that reproductive parts are not developed (The plant 
physiologist describes this m terms of a carbohydrate nitrogen 
ratio) 

Season too short 

Plants adapted to a long growing season are unable to com 
plete their normal life cycle up to the point of successful reproduc 
tion w hen grown in regions which have a short season 

6 Unusual light conditions 

Flowering and fruiting of many kinds of plants is induced by 
exposure to specifically favorable length of day which vanes widely 
with the species (see \ll4B.d and Garner i) Radical departures 
from the customary seasonal program in this matter may serve 
to inhibit flowering and fruiting (It may be that the underlying 
causes involved here are similar to those of 3 and 4 ) 

Other examples of environmental causes for sterility could 
doubtless be provided by the plant ecologist 

II Large evolutionary tendencies 

\ Stenhty 

Within certain groups of plants what is apparently the 
natural phylogenetic sequence of genera and species indicates 
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evolutionary progress in the direction ol Cbtablishing partheno 
gcnesib (The mobt notable example is provided b\ the Com 
positae although it would certainlv be unsafe to conclude 
therefrom that the ultimate goal of plant evolution was 
parthenogenesis Qmte on the contrary one feels that the 
Compositae have seriously handicapped themselves so far as 
future possibilities are concerned by a freakish evolutionary 
maneuver) 

C Self sterility 

In effect evolution among angiosperms has achieved self 
sterility through the perfection of devices favoring cross 
pollination Here should be cited floral adjustments insunng 
cross pollination by insects protandry and protogeny dioecism 
(B Semi sterility 

This class has little more than a theoretical existence here 
although doubtle s some forms might be found exhibiting the 
incompletion of some of the above mentioned evolutionar> 
tendencies and thereby exhibitmg what is m effect semi stecilit> ) 
III Phenomena of genetics 

Here are included cases where the mechamsm underlying the 
phenomenon is affected by breeding operations 
4 Sterility 
I Wide crosses 

Crosses between distantly related parents may be effective 
m producing first generation hybrids which may be notably 
vigorous individuals (see chapter on Hybrid vigor ) but quite 
stenle A notable example of this is the cabbage radish hy brid 
which achieves astounding proportions but is completely sterile 
(Gkavatt 8) 

Here the loss in efficiency in the reproductive system 1 di 
tinctly not accompamed by loss in efficiency in vegetativ e develop 
ment This peculiarity is clarified by the following idea Wide 
crosses involve the fusion of relatively inharmonious gametes 
which might be expected to produce disturbances in the ontogeny 
of the resulting individual The grosser mechamsm which regu 
lates vegetative development can evidently weather such disturb 
ances while the more finely balanced mechamsm of gamete 
formation is upset 
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2 Inbreeding 

(This again might be used as ui example of opposite extremes 
of causes producing the same end result for inbreeding can surely 
be regarded as the antithesis of wide crosses ) 

Inbreeding commonly results in loss of vigor through the 
production of weakhng and degenerate plants of various types 
(see chapter on Hybrid vigor ) Frequently these degenerate 
types exhibit faulty and ineffective reproductive parts Types of 
this sort have frequently been obtained through inbreeding corn 

3 Defimte hereditary factors 

A good example of this appears in the case of tumcate oi 
podded corn Plants homozygous for the tunicate factor are 
sterile while the heterozygotes are partially stenle (Eyster 7) 

B Semi sterility 

1 Wide crosses 

The hybrids produced by wide crosses are not in all cases 
completely sterile (see III \ i) but merely show an abortion of 
part of the gametes notably part of the pollen This phenomenon 
IS m fact of such general occurrence that the existence of a certain 
amount of defective pollen is frequently used as a criterion of 
hybrid origin Many plants in nature have been found to show 
this charactenstic and such plants have been called crypt 
hybnds the imphcation being that they are hybrids that have 
resulted from natural crossing 

2 Inbreeding 

Some of the degenerate plants that commonly appear as a 
result of mbreedmg (see III 4 2) are not completely sterile but 
merel> unsuccessful in setting more than a few seeds This may 
be due to a failure of part of the pollen or part of the ovules or part 
of both 

3 Defimte hereditary factors 

Corn which is heterozygous for the tumcate factor (see III 
A 3) is partly stenle 

Here also comes a \eiy umque case which will be desenbed in 
some detail smee it not only provides an ideal example of sys 
tematic semi sterility through the operation of definite hereditary 
factors but at the same time it provides an example of inheritance 
in the gametophyte generation 
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Bailing (2) made a cross between two races of bean both of 
which were completely fertile The resulting hybrids were sc mi 
stenle Uniformly just one half of the pollen grains appeared 
empty and collapsed while one halt of the o\niles had no embi\o 
sacs The sterile pollen and ovules appeared in random distnbu 
tion with the fertile 

Inbreeding the semi stenle hybrids Belling obtained an F 
generation which showed the following features one half of the 
plants had perfect pollen the other half had a mixture of equal 
numbers of good and bad pollen grains in all their flowers The 
plants w hich had perfect pollen also had perfect o\ ules w hile the 
plants with 50 per cent stenle pollen also had per cent tenle 
ovules In the F3 generation all the descendants from the fertile 
plants had perfectly good pollen and ovules but the progen\ of 
the semi stenle plants again split up into the two classes fertile 
and semi stenle as before 

Belling states his general conclusion as follows The ex 
planation of the random abortion of one half of the pollen 
and one half of the embryo sacs must apparentl} be by the segre 
gation of Mendelian factors among pollen grams and embr\o 
sacs individually and not by the action of these factors on the 
zygotes 

To make this situation clear a diagram (tig i) may be con 
sidered It enlarges a little upon Belling s original ideas as he 
stated them and emphasizes the sporophy te gametoph> te rela 
tionship Pollen grains and embryo sacs are gametophv tes in the 
sense that they include the male and female gametophy tes so that 
when the diagram shows stenle gametophy tes it is the same as 
saying that both pollen grains and embryo sacs are sterile This 
of course is just what Belling found whene\er one half the 
pollen grams in random distribution were sterile one half the 
embryo sacs in random distnbution w ere also sterile 

It should be remembered that Belling started with two com 
pletely fertile races Suppose that the parent race 4 had a factor 
X whose absence brought stenhty in the gametophxtes (pollen 
grains or embryo sacs) Race B had a difterent factor I with 
similar effect but inhented independently When Belling 
crossed these races aU of the resulting F hybrids were semi 
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PARENT) 

RACE SPOROPHYTE 
A ) 


PARENT) 

RACE SPOROPHYTE 
B ) 


F i SPOROPHYTE 



Fig 21 —Diagram illustrating Belling s explanation of semi 
sterility 
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sterile In other A\ord& in e^crv P plant one half the game 
tophytes were sterile It is easy to see why \0 and OY are 
fertile also why 00 is stenle (lacking both factors) but why 
should XF be stenle when it has both factors ^ Belling explains 
it by saying that gametophytes are unhke sporophytes m that 
they normally have single factors instead of double factors The 
germinal capacity of a gametophyte is just one half that of a 
sporophyte It is as if a gametophyte were supersaturated 
by a double factor Such a 
situation is abnormal for a 
gametophyte and brings ab 
normal results Therefore 
the gametophyte having the 
abnormal double dose (XY) 

IS just as sterile as the 
gametophyte with no dose 
( 00 ) 

In developing the F 
ratios of course only the fer 
tile gametophytes function 
\ Y and 00 are eliminated 
so far as posterity is con ,-Diagram showmg how 

cerned so that we have to p would be produced accordm 
deal only with the chance Belling s idea of semi stenllt^ 
matings among the fertile 

gametes {XO and OY) Accordmg to the laws of chance there 
are four possible matings between these gametes (fig 22) Out 
of the foul resultmg F sporophytes two would evidently pro 
duce only fertile gametophytes and would remain fertile as long 

Belling s rather awkward assumption to the effect that the 
gametes with the double dose (XF) are non functional on account of 
bein^, supersaturated might be improved upon by the foUownng 
Assume race A has complementaiy factors X and O for fertihtv while 
race B has a similar set of complementary factors 0 and F located on 
the correspondmg chromosomes The scheme then works out as before 
gametes of the GO and ZI formulas both bem non functional for the 
same reason that a necessary pair of complementary factors is not 
present 
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as they were inbred The other two are exactly like the originil 
F hybrid and therefore semi sterile having one half sterile gameto 
phytes The w hole dynasty may be represented as follow s 

P 

FertileX Fertile 


F 

Semi stenle 


F sok 
Fertile 

0 

0 

“1 

Serm sterile 

'1' 

Fj Fertile 

1 

^0% Fertile 

1 

1 

50% Semi stenle 

1 


'i/ 

1 

F4 Fertile 

Fertile 

50% Fertile 50% Semi sterile 


This IS a very ingenious scheme and like most others hould 
be tested by further experiments To a certain extent it has already 
met this test for Belling (3) has subsequently reported a fe\^ 
more generations m which the breeding results were entirely con 
sistent with those of the earlier generations Also he has dis 
covered two new races of beans which give similar results 
C Self stenhty 

This IS a phenomenon which has loomed up as a great practical 
problem during the last few years Where pollen and ovules are 
entirely healthy and functional in out crosses but quite ineffective 
in bringing about self fertilization the condition of self sterility 
IS said to exist This frequently appears in certain of our impor 
tant horticultural plants such as apples and plums so that it has 
often been found necessary to include a mixture of several varieties 
withm the orchard in order to insure effective pollination Manv 
investigators have been attacking this problem with various tech 
niques the most critical w ork from the point of view of geneticists 
being that of East on NtcoHana 

By crossmg self sterile with self fertile species East (6) has 
demonstrated that self stenlity behaves in inheritance like a 
simple Mendehan recessiv e to self fertility a single gene evidently 
determines the difference between the two conditions East (4) 
has further made an attempt to analyze the relations of self 
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terile plants inter se In his earlier cultures he had found that 
the self stenle plants were consistently cross fertile that is there 
might be quite a group of induiduaL each one of which would 
set seed when pollinated from any of the other individuals but 
would not set seed when self pollinated East concluded that 
when one is dealing with self sterile plants (those lacking the 
gene for self fertility) pollen is effective only when it comes from 
a source that has a somew hat different germinal constitution from 
that of the ovules If therefore a group of self stenle plants is 
consistently cross fertile it is to be concluded that every individual 
of this group differs in some degree from every other indi\idual 
of the group with respect to a certain set of factors that is effective 
in this connection If this assumption is correct it should be 
possible in the later generations to obtain groups of individuals all 
of the same genotype with respect to the effective factor The 
individuals of any such group should then be cros stenle with 
reference to each other East actually obtained such groups 
among the later generations thus supporting his assumptions on 
the relations of self sterile plants inter se \n exact factorial 
analysis has not been pos ible as vet but it is plainl> a matter of 
JMendelian inheritance and the general mechanism is rather 
clearly indicated 

Much work remains to be done on the ph\siolog> of elf 
sterility although a few interesting findings have already been 
made on that matter It has been discovered (at least fer a great 
many cases of self sterility) that the problem is tied up with the 
growth of the pollen tube Own pollen quite health} and func 
tionable on foreign stigmas will also germinate and start pollen 
tubes on own stigmas Such tubes however are for some reason 
not successful in reaching the ovules Assumptions were made 
by various authors that own stigmas poison own pollen tubes 
or furnish them with inadequate nutrition One author (Moore 
9) has assumed that own stigmas provide own pollen tubes with 
too good nutrition so that the tubes fatten but do not elongate 
(just as the hypha of a fungus will elongate more on a poor nutn 
tive medium than on a good one) East (5) himself has done some 
critical work however that indicates the maccuiacy of all of the 
foregoing assumptions and reveals an interesting phenomenon 
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that actuall> accounts for the lesults in the matter Ihrou^h 
careful sections of stigmas made at intervals Easi discovered the 
following fact n pollen germinates on own stigmas just as 
readily as does foreign pollen and the first increment of growth of 
the two types of tubes takes place at the same rate After that 
own pollen tubes continue to grow steadily and normally at 
the same rate at which they started but the rate of growth of 
foreign pollen tubes is continuously accelerated as though they 
were receiving some stimulus which was ineffective on own pollen 
tubes The result is that own pollen tubes fail to reach the ovary 
before the stigma and style have decaved while foreign pollen 
tubes with their accelerated growth reach the goal before the 
road has become blocked 
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CHAPTER XI 


THE ENDOSPERM IN INHERITANCE 

We have dealt chiefly with inheritance in the sporo 
phyte in connection with which most of the work in 
plant genetics has been done Brief mention has been 
made of inheritance in the gametophyte on which there 
has been very httle work It is appropnate now to con 
sider inheritance in the endosperm This classification 
raises the question as to the nature of the endosperm 
It was at one time generally regarded as belongmg to the 
gametophyte generation but smce the disco\ery of 
double fertilization m 1898 many have claimed that it 
belongs to the sporophyte generation On the basis 
of chromosome numbers it is neither so that there is 
also the claim that endosperm is neither sporophyte nor 
gametophyte at least we are justified m considering 
inheritance in endosperm as a separate topic As rmght 
be inferred endosperm shows some features character 
istic of a gametophyte others characteristic of a sporo 
phyte and still others peculiar to itself Judgment as to 
its nature therefore will depend on which of these lea 
tures IS emphasized 

It IS generally beheved that angiosperms ha\e been 
derived from gymnosperms and it is natural therefore 
to explain angiosperm structures by the corresponding 
structures of gymnosperms The gymnosperm and angio 
sperm ovules are contrasted m fig 23 which will assist 
m the foUowmg discussion In gymnosperms the situa 
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vegetative body of the female gametophyte and this tis 
sue IS called the endosperm In angiosperms however 
a new situation introduces doubt It can be said as before 
that after the germination of the megaspore everything 
within the megaspore wall is female gametophyte tissue 
but it cannot be said that fertilization affects the egg onlj- 
for one of the sperms fuses as regularly with the fusion nu 
cleus as does the other sperm with the egg It "will be re 
membered that the fusion nucleus is formed by two nuclei 
which have migrated from each end of the sac so that 
when the sperm enters into the fusion there is a triple 
fusion After fertilization the fertilized egg of course 
forms the embryo sporophyte but usually every nucleus 
of the old gametophyte disappears except the fertffized 
fusion nucleus which then forms the endosperm in which 
the young sporophyte is imbedded For this reason the 
fertilized fusion nucleus is usually called the endosperm 
nucleus 

4 comparison of the angiosperm and gymnosperm 
seeds reveals the followmg contrast (fig 23) In the 
appearance of their essential structures they are exactl\ 
alike and on that basis some might claim that the endo 
sperm of angiosperms is the same as that of gj mnosperms 
that IS gametophyte tissue The opposing claim is that 
although the gymnosperm endosperm is gametophj te 
tissue the situation in angiosperms is essentially dit 
ferent In angiosperms the endosperm does not aribe 
from morphologically unmodified gametophyte tissue 
as in gymnosperms but entirely from the endo&perm 
nucleus and this nucleus is clearly the product ot fusion 
of male and female nuclei With such an origin the 
endosperm nucleus is comparable with the zygote and 
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the endosperm tissue is sister to the embryo sporophyte 
In other words m angiosperms the endosperm and 
embryo are twins This means that the endosperm of 
angiosperms belongs to the sporophyte generation 
although of course it is a distinct individual which pro 
duces no progeny The embryo sporophyte is a parasite 
upon its twin and devours it 

It will be recognized that there i» some reason for 
both of these claims Is there any way of testing the 
claims that is of distinguishing between sporophyte 
and gametophyte tissue? The cytological distinction 
based on chromosome count is that the sporophyte is 
2X tissue and the gametophyte is x tissue Applying this 
test it la found that endosperm tissue is neither x nor 
2X but 3a: as nught be expected from the triple fusion 
The conclusion involves several possibilities as follows 
3X IS evidently nearer 2 X than x and therefore endosperm 
tissue IS more like sporophyte than gametophyte tissue 
but on the other hand two of the x s have come from the 
female gametophyte and therefore two thirds of the 
endosperm is female gametophyte On the basis of 
predominance therefore endosperm tissue is more like 
female gametophyte tissue than anything else Finally 
there is a third alternative and that is that the ^x con 
dition deserves to be set apart in a category by itself 
which would mean that endosperm is neither gameto 
phyte nor sporophyte 

These are the claims and the evidence as to the 
angiosperm endosperm Opinion is not settled but the 
facts are clear This prepares for a consideration of 
the bearmg of this situation upon genetics The geneti 
cist is not much concerned about the exact morphologi 
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cal or physiological nature of endosperm but he is much 
concerned about its behavior in inheritance Perhaps 
the phenomena of endosperm inheritance may help to 
decide whether endosperm is gametophyte or sporophyte 
or neither 

Certain races of corn have yellow endosperm while 
in other races it is white (colorless) If a cross is made 
with pollen from the yellow endosperm race on the silks 
of the white endosperm race what results would be 
expected^ We could assume that yellow i dominant 
over white since yellow is probably due to the presence 
of a factor which is absent in white In making such a 
cross therefore we should expect a hybrid embryo to be 
formed which would show the dommant character of 
yellow endosperm when this embryo becomes a plant 
bearing ears the next season On the contrary we find 
the dominant yeUow character appears the same >ear 
that the cross is made The cross of course puts the 
yellow endosperm factor m the yoimg hybrid embryo 
but we cannot imagine that this embrjo passed the 
character out into the endosperm that surrounds it 
The real mechamsm is as follows 

Some time after this phenomenon was disco\ered in 
1872 it was named xema (m 1881) the defimtion of the 
term being the direct effect of foreign pollen upon the 
endosperm At the time of its disco\ ery the mechamsm 
involved in xema was not understood Later double 
fertfiization was discovered and this furmshed the neces 
sary mechamsm A pollen gram from the jellow endo 
sperm race contains two male gametes and each gamete 
contains the factor for yellow endosperm One of the 
gametes fertilizes the egg and produces a h> bnd embryo 
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which in the next generation behaves as a heterozygote 
for yellow endosperm The other male gamete fertilizes 
the fusion nucleus and produces the endosperm nucleus 
which therefore contains the factor for yellow the result 
being that the endosperm is yellow although the ovule 
belongs to the white race Xema means therefore that 
the endosperm is a hybrid as well as the embryo and the 
triple fusion involves the transmission of hereditary 
characters Fertilization of the fusion nucleus is just 
as essential as fertilization of the egg and so far as inherit 
ance is concerned the endosperm and embryo are sister 
sporophytes 

The exact function of double fertilization is not 
clearly understood Nemec (7) has sought to account 
for endosperm hybridization as an adaptation which 
results in a better adjustment of the composition of the 
reserve food supply to the needs of a hybrid embryo 
Xema throws considerable light on the nature of 
endosperm Because of its beha\ior in inheritance 
genetiasts would naturally regard the endosperm as a 
sporophyte an abnormal sister to the embryo 

The phenomenon of xema is not limited to the case 
of yellow endosperm but appears in connection with 
qmte a number of endosperm characters The red 
grain and purple gram characters in corn which were 
employed to illustrate types of factor interaction are 
also go\ emed by this mechamsm In these cases how 
ever an additional detail appears A section of a grain 
of corn appears in fig 24 There is first the pericarp or 
seed coat which is the ovary wall belonging to the 
old sporophyte and therefore does not concern us 
Within this IS a thin aleurone layer which is the outer 



The Rndosperm tn Inheritance 


147 


layer of endosperm while the bulk of the seed consists 
of the starchy endosperm Since aleurone is endosperm 
colors pecuhar to it would show xema m inheritance 
This was the case in East s 
red and purple com the 
colors being located in the 
aleurone layer 

There is another phase 
of the situation to which 
attention should be called 
By pollmating the silks of a 
white grained individual 
with pollen from a red 
grained individual xema is 
secured the resulting grains 
being red hke those of the pollen parent In the reciprocal 
cross however that is polhnabng silks of a red grained 
individual with pollen from a white grained individual 
a different result is obtained The resulting grams are 
not white like those of the pollen parent but red like 
those of the ovule parent There is no \enia theretore 
for the pollen has no immediate eftect upon the develop 
mg endosperm This seeming dififculty however is 
easily explained When the pollen parent is white and 
the ovule parent is red the endosperm gets its characters 
from both parents and since red is dominant ov er w hite 
the resulting endosperm will be red because the female 
nuclei that entered into the triple fusion carried the 
factor for red endosperm and therefore the pollen from 
the white parent seemed to hav e no ellect 1 he mecha 
msm works m all cases but owmg to dommance \enia 
appears only in certain cases There is no need to dis 



Fig 4 —Diao-ram of corn seed 
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cuss all of the Mendehan situations in which xenia may 
occur An understandmg of the underlying mechanism 
should enable us to analyze such cases and reach a con 
elusion as to the expected results 

A law which East (i) has formulated in reference to 
xema is pertment ‘ When two races differ in a single 
visible endosperm character in which dominance is com 
plete xema occurs only when the dominant parent is 
male (pollen parent) When the two races differ m a 
single endosperm character m which dominance is incom 
plete or when they differ in two characters (factors) 
both of which are necessary for the development of the 
visible difference in both of these cases xema occurs 
when either parent is male This may be called the 
law of normal xema What may be called abnor 
mal xema should now be considered 

In connection with some of his work on sweet and 
starchy com E4.ST (1) was able to distinguish two distinct 
races of starchy corn In one race the starch occurred 
in a loose powdery or floury condition while in the 
other race it was compacted into a hard flinty or so called 
corneous condition The two races therefore may be 
spoken of as floury and corneous races of starchy corn 

East made vanous crosses between these two races 
to discover the method of inhentance of the two endo 
sperm characters Naturally such characters would be 
expected to show xema In the following description 
therefore when the F generation is referred to both the 
hybrid embryo and the hybrid endosperm surrounding 
it will be included 

When East used the floury race as the pollen parent 
and the corneous race as the ovule parent the F genera 
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tion was all corneous When he made the reciprocal 
cross (corneous pollen and floury ovule) the F genera 
tion was all floury This result certainly suggests 
maternal inheritance for in both cases it is the character 
of the ovule parent that is transmitted If it is assumed 
that this IS a case of maternal inheritance two problems 
are encountered (i) to prove that this behavior is not 
due merely to parthenogenesis (2) to discover the 
mechamsm to explain maternal inheritance in this case 
In the first place East estabhshed the fact that there 
was no possibihty of parthenogenesis Contmumg his 
investigation he mbred the F generation in each case 
and examined the F progeny If he were deahng with 
a case of maternal inheritance what should the F genera 
tion show^ It should be exactly the same as the F 
generation for in true maternal inheritance a race will 
go on forever breeding true to the maternal character 
whether it is self pollinated or cross polhnated If this 
had been a case of true maternal inheritance East 
should have obtained the following results 


Floury X Corneous 

(ovule parent) 't' 

F Floury 

'I' 

F Floury 

etc 


Corneous X Floury 
(ovule parent) 

Corneous 

Corneous 

etc 


Actually however he obtained the following results 


Floury X Corneous 
(ovule parent) 

F Floury 


Corneous X Floury 
(ovule parent) 4^ 

Corneous 


! 


F 


2 Floury ^ Corneous 


\ Corneous J Floury 
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The conclusion is that this is not a true case of mater 
nal inheritance East offers a very reasonable explana 
tion of these results based upon the peculiarities of 
double fertihzation These characters appear super 
ficially to be maternal for the following reasons 
The endosperm nuclei are 3a: 2x from the female and x 
from the male In the characters under discussion the 
pre ence of two factors always dominates the presence 
of one factor thus corneous female crossed with floury 
male produces progeny that are all phenotypically come 
ous while floury female crossed with corneous male for 
the same reason produces progeny which are all pheno 
typically floury The mother always determines the 
character of the hybnd endosperm because there are 
always two female nuclei to predominate over the single 
male nucleus In the embryo however this predomi 
nance does not occur for there only a single female 
nucleus has fused with the single male nucleus When 
this hybrid embryo matures therefore it is evident that 
it will produce gametes of two sorts 50 per cent corneous 
and 50 per cent floury Since the female is really the 
only decisive factor so far as endosperm is concerned the 
ratios appearing among the female gametes in the F 
generation will be the ratios that will appear also in the 
F endosperms In other words 5° pei cent of the F 
endosperms wfll be corneous and 50 per cent floury no 
matter what may be the source of the pollen It is 
obvious that the explanation of this pecuhar form of 
apparently maternal inheritance depends entirely upon 
a clear conception of the phenomenon of triple fusion 
Conversely this type of inheritance indicates that the 
triple fusion instead of being merely a meamngless 
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cytological peculiarity is reall> significant m inherit 
ance 

The foregoing case which is the only endosperm 
character that is inherited in this peculiar way pro\ ides 
a conspicuous criticism of the presence and absence 
hypothesis (see also pp 51 112) Whichever of the t'v\o 
characters be assumed to be due to the presence of 
a gene a demonstration is pro\ided to the eftect that 
two absences will dominate one presence In spite 
of this outstanding exception the terminology of the 
presence and absence hypothesis is retained by practi 
cally all geneticists and is in fact employed even in 
connection with the case of corneous and floury endo 
sperm 

Webber (8) in 1900 experimenting on xenia in corn unco\ 
ered some interesting anomalies Pollen from a red grained race 
applied to silks of a white grained race should result in solid red 
grains if xenia is normal Of course Webber actually obtained 
this result in the vast majority of cases but occasionall\ there 
appeared two other types of grains (a) white grains covered \\ ith 
numerous irregular patches of red commonl> called mottled 
(b) grains of which a large and uninterrupted area of the aleurone 
was pure white while the remaimng area of the aleurone as just 
as pure red commonly called mosaic For these ca e he con 
structed an ingenious explanation 

Normally the second male nucleus fuses with the fusion 
nucleus and the result is a solid red gram In some cases how 
ever the second male nucleus (i) does not join with the other tw o 
while in still other cases the second male nucleus (2) fuses with but 
one of the polar nuclei leaving the other polar nucleus to act 
independently Either of these irregulanties Webber felt would 
serve to account for the anomalous grains for in either case female 
nuclei would be left to act independently in the formation of part 
of the endosperm That part of the endosperm would neces 
sanly show colorless aleurone since the female parent to the cross 
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could contribute no color The remainder of the endosperm 
produced by the male nucleus (either (i) independently or (2) 
in conjunction with one of the polars) would of course show the 
red aleurone characteristic of the male parent 

The arrangement of the red and white areas sometimes accord 
ing to the mottling plan and sometimes according to the mosaic 
might be explained by the usual method of endosperm formation 
Endosperm formation begins with free nuclear division the result 
mg nuclei being free m the cytoplasm of the embryo sac The 
cell walls are not formed for some time sometimes not until 
nuclear division is completed Before a large number of free 
nuclei have appeared they move from the central region of the sac 
and usually become placed near the wall where free nuclear dm 
Sion continues When walls begin to appear separating the 
nuclei wall formation begins at the periphery of the sac and 
extends toward the center in what is called centripetal growth 
This program which is common in seed plants and is known to 
occur in wheat is doubtless the program in corn If then the 
second male nucleus fails to umte with the fusion nucleus and each 
divides separately when their progeny nuclei move out to the 
periphery of the sac the nuclei of male and female origin may 
well become more or less mixed In their further division there 
would be groups of cells of male ongin interspersed among groups 
of female ongin The result would be red and white areas on 
the mature gram intermingled as irregular blotches giving the 
mottled effect (a) On the other hand if the daughter nuclei of 
the male and female components migrated en bloc to the wall of 
the embryo sac and no mixing occurred between nuclei of the 
two types the result would be the production of anomalous grains 
of the mosaic type (&) 

These ingemous proposals of Webber s helped to focus the 
attention of other mvestigators upon the problem imposed by the 
occurrence of anomalous grams of these two types 

Webber s conception of the mottled grains (a) was shown 
to be fallacious by the expenments of Kempton (6) and of Emer 
SON (4) It was found that mottled grams instead of being 
anomalies as Webber had believed would appear in considerable 
numbers and with dependable regularity under the proper con 
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ditions The required conditions \\ere peculiar and interesting 
If the R factor enters the cross with the male parent only a mottled 
aleurone results if the R factor enters v, ith the female parent onl\ 
or with both parents solid red is the result Thus there is a pheno 
typic distinction between grams having but one dose of the R 
factor (male parent only) and those having two (female parent 
only) or three doses (both parents) Furthermore this phenome 
non will not appear in all races of corn but only in those ^luch 
contain a dominant factor for mottling {S for spotted aleurone 
as Kempton calls it) 

Webber s explanations (i) and (2) how ever might still 
apply to the anomalous grains of the mosaic type (6) Proposi 
tion (i) that the second male nucleus fails to fuse and acts mde 
pendently in endosperm formation was proved to be impossible 
by some of the experiments of East (2) Factors R and C must 
be present simultaneously for the production of red aleurone \ 
cross between two colorless types CCrr and ccRR therefore 
should produce only red grains Even here however aberrant 
grains sometimes appear part of the gram being red and the rest 
colorless Failure of the second male nucleus to fuse with the 
female polar nucleus m such a case would result in a gram which 
was entirely colorless a thing which never occurred It 1 only 
by fusion of male and female nuclei that any part of the 
aleurone can be red The experiments on this point were suf 
ficiently extensive to demonstrate that the second male nucleus 
never fails to affect a fusion with at least one of the female 
nuclei 

There yet remained however Webber s possibility (2) 
fusion of the second male nucleus with only one of the female 
polars the other female polar actmg independently This last 
possibility was disproved by Emerson (3) m the following inter 
estmg manner A colorless sugary type CCrrsusu was u ed a 
female parent m a cross with a colorless starchy type ccRRSuSu 
The resulting grains were red starchy save for a few aberrant 
grams which were red m part and colorless m part but starchy 
throughout Webber s proposition (2) fails here since fusion 
of the second male nucleus with only one of the polars would pro 
duce grams which were red starchy m part (from male nucleus 
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fused with, one polar) and colorless sugary in part (from mdepend 
ent polar) 

These critical experiments served to disprove Wlbber s prop 
ositions and proved that the normal program ot double fertihza 
tion is invariable in corn The occurrence of the occasional 
anomalous mosaic grams however remained to be explained 
Somatic mutation was invoked by some as an explanation but 
proved unsatisfactory for a number of reasons 

Emerson (5) has finally obtained critical evidence which 
indicates a very satisfactory explanation of the phenomenon 
The factor m for waxy endosperm (Wx corneous endosperm) 
IS known to be earned on the same chromosome with the C factor 
\ cross was made between a colorless waxy female parent c wx 
c wx and a red corneous male parent C Wx C Wx (the R factor 
being present in both parents) The resulting tnploid endosperm 
was of the formula c wx c ux C Wx If non disjunction (passing 
of both halves of a divided chromosome to one pole) occurred m 
connection with the third of these chromsomes one of the result 
ing nuclei would be diploid for this chromosome set c wx c wx 
and the other tetraploid cwxc wx C Wx C Wx Endosperm 
produced by the former should be colorless waxy endosperm 
produced by the latter should be red corneous Emerson 
obtained aberrant grams which were of exactly this constitution 
the colorless areas being at the same time waxy and the red areas 
corneous This experiment considered together with the pre 
vious ones indicates that occasional non disjunction is the expla 
nation of these aberrant grains 

(The frequency of these particular aberrant grams is one m 
423 and one may expect non disjunction to take place in connec 
tion with some one chromosome in the corn endosperm in about 
one of every fourteen grams Direct cytological demonstration is 
to be hoped for Non disjimction is known to occur at times 
elsewhere m the plant and ammal kingdoms Possibly the trip 
loid nature of endosperm furnishes an especially favorable condi 
tion for its occurrence ) 

This fasematmg senes of experiments shows how features of 
the morphological and cytological program m a plant may be 
demonstrated m a very convmcmg way through the indirect evi 
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dence provided by careful breeding experiments where it would be 

rather hopeless to effect any such convincing demonstration 

through direct morphological or cytological exammation 
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CHAPTER XII 


HYBRIH VIGOR 

The phenomenon of hybrid vigor has already been 
referred to It is a matter so intimately related to 
genetics particularly plant genetics both on the theo 
retical side and in connection with practical breeding 
that it wiH be worth while to consider it in some detail here 
The first record of observations on hybrid vigor is that 
of Kolrexjter in 1776 who states that crossing results 
in an increase of general vegetative luxuriance and in 
an increase in the facility of vegetative propagation and 
\iabihty Later Gartner discussed the same phenome 
non but gave no important new ideas Finally hybrid 
vigor attracted the attention of Darwin (4) who states 
that crossing hastens the time of flowering and maturing 
and increases the size of the individual He adds the 
\ery important fact that it is not mere crossing that 
gives the stimulus but crossing forms that differ m the 
constitution of their sex elements in other words cross 
mg between different flowers on the same plant gives 
no advantage nor does crossing two individuals which 
are genmnally identical He assumed (incorrectly see 
p 161) that any effecti\e germinal difference was to be 
accounted for by the fact that the parents had been 
gro^Mng under different environmental conditions 

It IS probably Darwcs who is responsible for bringing hybrid 
\ 1 or to the attention of botanist although the modern popular impres 
Sion might be that Bi7RB4.nl. deserves the credit because of his experience 
m producin some remarkabl> fast growing large and vigorous hybrids 

156 
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Even Mendei, s classic pea hybrids supphed further 
instances of increase in size resulting from crossing 
Stems of I foot and 6 feet in length yielded without 
exception hybrids which varied in length bet's een 6 feet 
and 7J feet (see East and Jones 6) 

Among the modern investigators of hjbnd Mgor 
Shull East and Jones have contributed much to^\ard 
an explanation of the phenomenon 

Shull s (12) conclusions up to the year 1910 ma} be 
summarized as follows His work was entirely with 
corn and the conclusions contained some \ ery sigmficant 
points 

1 The progeny of every self fertilized corn plant 
is of inferior size vigor and productiveness as com 
pared with the progeny of a normally cross bred plant 
derived from the same source In general this con 
elusion would be admitted b> everyone but it raided 
one question It was known that when tw o races. ha\ e 
been inbred for many generations they frequenth run 
out gradually losing their vigor In such a case a cross 
between the two races tends to restore the original v igor 
The remaimng question however is whether the same 
result may be effected by a cross between two inbred 
races which have not run out but remain in normal v igor 
Shull answers that hybrid vigor is exhibited w hen both 
parents are above the average condition as w ell as w hen 
they are below it 

2 Another question which naturally arises is as 
follows When these crosses are made it is of course the 
F generation that shows the hybrid vigor It the 
F generation is inbred what is the status of the F 
and later generations with reference to vugor^ Shell 
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answers this question in the following general way 
The decrease in size and vigor which accompanies self 
fertilization is greatest in the first generation and becomes 
less and less in each succeeding generation until a con 
dition is reached in which there is (presumably) no more 
loss of vigor ’ The facts involved in this statement 
may be represented m fig 25 In this figure it can be 
seen clearly that the great loss of vigor comes immediately 
after self fer tiliz ation again begins After that self 
fer tiliz ation brings additional loss in vigor but this loss 



Fig 23 —^Illustrating status of hybrid vigor m F and later genera 
tions Vigor represented by height of rectangles 

IS less with each succeeding generation It is as though 
a \ery defimte hmit were being approached and each 
generation goes down one half of the remaimng distance 
toward that hmit Just why and in what way this hmit 
IS approached wfil be considered later in connection with 
the work of East and Jones 

3 4 cross between sibs (sister and brother) within 

a self fertilized family shows little or no improvement 
over self fertilization in the same family This it 
wfil be noticed is simply carrying a little further the 
pomt that Darwin ongmaUy discovered We realize 
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that an inbred race should be homozygous therefore all 
the individuals involved would have the same germinal 
constitution A cross between any two such indn iduals 
would really not be effective in producing a hybrid so 
that it would not be surprising that such a cross fails to 
bring hybrid vigor 

4 A cross between plants belongmg to two self 
fertilized families results in a progeny of as great Mgor 
size and productiveness as are possessed by famihes 
that have never been self fertilized The conclusion 
from this is that mbreedmg results in no permanent 
loss of vigor A race may ‘ run out if inbred continu 
ously but when crossed with another race it immediately 
seems to regain all the original vigor It is as though all 
germ plasm contains the potentiality of developing vig 
orous individuals This potentiahty however cannot 
express itself until the proper combination of conditions 
arises and this proper combination seems to be connected 
in some way with hybndizing 

5 Reciprocal crosses between two distinct self 
fertdized famihes are equal in producing hybrid \ igor 
When reaprocal crosses are equal it suggests a Mendehan 
phenomenon Is it possible that hybnd Mgor ma> be 
explamed in terms of Mendehsm^ 

These are five ‘ laws of hybrid vigor presented by 
Shull in 1910 It should be noted that they are not 
hypotheses but observed facts The hypotheses were 
developed later when more of the facts were in 

A practical suggestion made by Shull in connection ■with 
hybrid vigor is of mterest Granted that hybnd vigor is an estab 
hshed fact the question of its practical use in connection iMth 
crop plants should be taken into account If a farmer after years 
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of work has finally developed a desirable new strain of corn by 
selection he is not likely to favor hybridizing with some othei 
strain in any wholesale way He must preserve his pure strain 
at all costs Shull has suggested the following solution of this 
practical problem as indicated in fig 26 Two desirable strains 
{A and B) are developed One small plot (I) is planted entirely 
with A and at some distance another small plot (II) is planted 
with 4 and B m alternating rows Plot I is used only to perpetu 
ate A in pure condition In plot II all the A plants are detasseled 
The silks of these 4 plants therefore are pollinated by B pollen 
only and the resulting grams in the 4 rows are all bound to be 
hybrids Using these grains as seed for the crop hybrid vigor 




Fig 26—Shulls scheme of planting for making practical use of 
hybrid vigor in com 

will be obtained At the same time both A and B are perpetuated 
in the pure condition since the B rows in plot II are always selt 
poUinated as there is no other pollen in that neighborhood This 
IS a very simple solution of the problem without necessitating 
laborious hand pollination 

The investigations and conclusions of East (5) may 
next be considered Shull did his work entirely with 
com but East investigated the problem in a more whole 
sale way After assembhng an extensive collection of 
data he made the summarizing statement that 59 out of 
85 angiosperm crosses showed a noticeable increase in 
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vigor East of course did not continue to investigate 
all of these 85 types but concentrated upon two repre 
sentatives Corn was selected as representing speaes 
normally cross fertilized m nature while tobacco was 
used to represent those species generally self fertilized 
m nature 

East s results with corn need not be discussed in 
detail for they confirmed Shull s results in e\ ery point 
It was found that crosses between plants of approxi 
mately the same genotype resulted in httle or no hybrid 
vigor even in cases where the two parents to the cross 
had been grown under different environmental conditions 
(thus correcting Darwin s misconception see p 156') 
It was also observed that some crosses resulted in rela 
tively less hybrid vigor than others From such results 
East developed a very significant and useful Mendehan 
interpretation of hybrid vigor His proposition is that 
hybnd vigor is proportional to the number of factors in 
which the parents differ This situation mav be msu 
alized from the foUowmg diagram 

P t F 

AABBCCDDX 4 ABBCCdd = A 455 CC^=little hybrid vigor 
AABBCCDDy. AABBccdd= A AB BCcDd =more h>bnd vigor 
lABBCCDDX lAbbccdd = ^■4 ^6CcZ>d =stiU morehvbiidvigor 
A A BBCCDD X aabbccdd = AaBbCcDd =most hj bnd v igor 

It IS the F of course that shows the vigor but what 
mdex can be obtamed from the germinal formula of the 
F generation as to the amount of hybrid vigor that it 
will show P It IS evident that this index hes in the fact 
that hybnd vigor is proportional to the number of factors 
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that are in the heterozygous condition in the F genera 
tion Thus in the first case shown in the diagram there 
IS only a smgle heterozygous set (Dd) and the result is 
httle hybrid vigor Following down the diagram it 
will be noted that 2 3 and 4 of these heterozygous sets 
b ring an mcreasmg amount of hybrid vigor These are 
the facts that lie at the basis of East s theory which he 
rails heterozygosts This term should not be confused 
with heterosts which is commonly used to express merely 
the fact of hybrid vigor 

We shall now consider how this conception of hetero 
zygosis serves to account for the phenomena that Shull 
had previously discovered in connection with hybrid 
vigor 

1 The fact of hybrid vigor ■—^Heterozygosis suggests 
that hybrids are vigorous on account of the heterozygous 
sets of factors that they contain 

2 The decrease m vigor after self fertilization begins 
again —^The greatest loss in vigor comes between the F 
and F generations Thereafter the loss becomes gradu 
ally less each generation approaching a definite limit 
beyond which no further loss in vigor occurs Heterozy 
gosis explains this as follows 

AABBCCDD'X.aabbccdd=AaBbCcDd 

In this case the F generation is 100 per cent heterozy 
gous aU four factor sets being heterozygous and there 
fore It IS very vigorous In later generations as is well 
known more or less homozygous sets will be split off 
Introducmg homozygous sets mto some individuals wiU 
reduce the aggregate heterozygous condition of the whole 
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population to something less than 100 per cent there 
will therefore be a corresponding loss in vigor 

If the genotype of the F population be considered (a simpler 
example AABBXaabb will suf&ce) some very clear conclusions 
may be drawn The F population is heterogeneous mth respect 
to hybrid vigor m sharp contrast with the F w here all the mdivid 
uals showed the same amount of hybnd vigor In the F there 
will be one genotype which is heterozygous with respect to all of 
the factor pairs involved (as was the F) and which therefore 
shows the maximum amount of vigor There will be other geno 
types which are homozygous with respect to all the factor pairs 
and show no vigor And there will be still other genotypes which 
are partly heterozygous and partly homozygous and show an 
intermediate amount of vigor This heterogeneity of the F gen 
eration with respect to amount of hybnd vigor is in agreement 
with the actual expenmental results 

If the average vigor of the whole F population be computed 
in terms of relative numbers of factor sets in the heterozvgous 
condition this will be found to have a value of 50 per cent in con 
trast with the o per cent of the onginal grandparental generation 
and the 100 per cent of the F On the same basis the F3 will be 
found to have 25 per cent the F412 5 per cent and so on exactly 
one half of the vigor being lost with each succeeding generation of 
inbreeding This serves to account for Shull s observation that 
the greatest loss in vigor is between the F and F generations 
Thereafter the loss gradually approaches the limit when the per 
fectly homozygous condition is reached for the w hole population 
and then there can be no more loss in vigor 

3 A cross between sister and brother eftects nothing 
—This is evident for it introduces no heterozygositj 

4 A cross between plants belonging to two self 
fertilized families results in a progeny of as great \igor 
size and productiveness as are possessed by famihes 
that have never been self fertilized —Heterozygosis 
accounts for this by showing that a cross between two 
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pure lines may bring into the hybrid a maximum number 
of heterozygous sets quite as many as are present in 
cross fertilized families 

5 Reaprocal crosses are equivalent —This would 
obviously follow from any Mendelian hypothesis such 
as heterozygosis 

East next studied tobacco as representing those 
speaes which are generally self fertilized in nature It is 
a common impression that tobacco is a striking exception 
in the matter of hybrid vigor In tobacco crosses the 
hybrid progeny instead of being more vigorous are fre 
quently less vigorous than either parent East admits 
that there are certain cases of this kind but points out a 
number of other cases which are quite normal in show 
mg hybnd vigor In any event the tobacco situation 
strongly suggests the idea that hybrid vigor appears less 
pronunently in species that are generally self fertilized 
in nature than in species normally cross fertilized 

It may be that the subnormal tobacco hybrids are products 
of such wide crosses that hybnd vigor can no longer operate (see 
P 169) 

The phenomenon of hybnd vigor appears also in a 
great many other plants It has of course been noted 
most frequently in cultivated forms but there is also 
some evidence as to its occurrence among wild plants 
Not only has it been observed among many angiosperms 
woody as well as herbaceous but also among gymno 
sperms and pteridophytes and there is even some shght 
evidence that hybnd vigor occurs in the sporophyte of 
the bryophytes (see Britton i) 

As for the exact nature of the phenomenon quite 
a number of features are involved Pnmarily hybnd 
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Mgoi amounts to an increase in the size of cells as well 
as multiplication in the number of cells in other \\ ords 
an increase in the power of assimilation Viabihty of 
seeds is inci eased and the more rapid growth and earlier 
maturity of the seedlings is quite noticeable Time 
of flowering and maturing is hastened although in many 
cases increased longevity has been brought about 
One sees a distinct increase in the size of the roots 
In the stem there is no increase in the number of nodes 
but the internodal development is striking (The gain 
in size in plants which are more or less detemunate 
in their number of parts is made up of an increase 
in the size of parts rather than in the number of parts ) 
Usually the stem growth is greater than the leaf growth 
but the increase of the latter can be defimtely traced 
The size of the flower is usually not affected nor is there 
any change in the size of small fruits such as tobacco 
In fleshy fruits however such as tomato and egg plant 
there is a marked mcrease On the individual plant 
there are distinctly more flowers and fruits and m some 
cases separate inflorescences are longer as m the ears of 
corn (Total yield in com has in some crosses been 
increased 100 per cent or more) Endurance against 
unfavorable environmental factors and resistance to 
disease have also been frequently noted as properties of 
hybrids Facility of vegetative propagation is increased 
(Moreover there is no evidence to pro\ e that plants lose 
any of their hybrid vigor in long continued \egetati\e 
multiphcation through innumerable generations ) 

In general there is similarity between hjbnd ^^gor 
and the effect of a good environment Those characters 
which are the quickest to be modified by external factors 
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also show the greatest change on crossing There is at 
least one difference between the two however in time 
of matunty environment and hybrid vigor have some 
what opposite effects Generally speaking favorable 
growing conditions tend to delay flowering and maturing 
while conditions which tend to stunt the plants tend 
like hybrid vigor to hasten them (East and Jones 6 ) 

There seems little doubt that hybrid vigor is also manifested 
in the animal kingdom One might reasonably expect this from 
the fact that the principles of inheritance are fundamentally the 
same in plant and ammal kingdoms and hybnd vigor is a matter 
of inheritance As a matter of fact there are many cases among 
the records of professional animal breeders which might be cited 
as evidence of hybrid vigor It seems equally evident however 
that this is not so general a phenomenon among animals as among 
plants and it should be noted that many zoologists refuse to 
recognize in hybnd vigor anything like a general law pointing 
out cases among animals in which hybridizing apparently results 
in loss of vigor 

It IS rather to be expected that such a general phenomenon 
as hybnd vigor must have played a part in the evolution of the plant 
kingdom A few suggestions follow (from East and Jones 6 ) 

1 Fixation of characters favonng cross fertilization — Van 
ations must have appeared that favored cross fertilization 
Those plants produang a cross fertihzed progeny would have had 
more vigor than their self fertilized relatives The crossing 
mechanism could then have become homozygous and fixed while 
the advantage due to cross fertilization continued 

2 Fixation of sex act itself — Some means of favoring union 
of dissimilar spores occurred as a chance variation Through the 
combination of somewhat different quahties this new dual product 
the zygote was better enabled to develop and reproduce Its 
survival coefficient was high The tendency for union of spores 
persisted and became charactenstic of the species 

3 Preservation of undesirable characters in cross fertilized 
species — In self fertilized species new characters that weakened 



Hyhrtd V^gor 


i6j 


the uidividual woidd have been immediately eliminated Only 
strains that stood by themselves that survived on their own merits 
would have been retained On the other hand weak genotypes in 
cross fertilized species were retained through the vigor that they 
exhibited when crossed with other genotypes The result is 
therefore that self fertilized strams that have survived competi 
tion are inherently stronger than cross fertilized strams On this 
account weak genotypes may often be isolated from a cross 
fertilized species that as a whole is strong and hardy 

4 Rise of the sporophyte generation—^The commonly ac 
cepted interpretation of hybnd vigor is based upon a Mendelian 
mechanism that would be effective only in the diploid generation 
In the evolution of the plant kingdom the haploid gametophy te 
generation has been superseded m dominance by the diploid sporo 
phyte generation Hybnd vigor may help to account for this 

Some recent investigations have extended the scope 
of hybrid vigor in an interesting and significant way 
The work was done originally by Colliists and Kempton 
(3) and later confirmed and extended by Jo^tes (8) In 
brief it is as follows 

If corn sporophytes exhibit hybrid \igor will the 
endosperm also show the same phenomenon^ Endo 
sperms as has been stated are genetically equi\alent 
to sporophytes in several ways If crossing increases 
vigor and size of sporophytes therefore it might be 
expected to mcrease the size of the endosperms also 

Furthermore the endosperms have considerable advantage 
over sporophytes as material for such investigation We say that 
hybrid sporophytes are more vigorous than pure bred sporophytes 
but just how much more vigorous cannot be stated with exactness 
In order to demonstrate this clearly it would be necessary to have 
the hybnd and the pure bred stock growing side by side in exactly 
the same conditions but the conditions cannot be controlled 
with exactness The environmental factors affecting the size and 
vigor of a com plant are numerous complex and to a large extent 
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uncontrollable Thus two ditCerent plants growing side by side 
might be m a distinctly different environment without the fact 
being recognized It cannot therefore be said with much cer 
tainty just how much hybrid vigor a given plant shows when there 
are so many unknown factors that might affect size and vigor 
On the other hand if it is claimed that the endosperm of one grain 
shows a given amount of hybrid vigor as compared with the grain 
that grows next to it upon the same ear the statement would be 
more exact for the two endosperms have developed under con 
ditious which are unquestionably much more constant than the 
conditions surrounding the different sporophytes m a corn field 

Jones selected a plant with white endosperm and 
polhnated it with a mixture of its own pollen and pollen 
from a yellow endosperm race In the resulting ear 
therefore he had a mixture of yeUow endosperm grains 
and white endosperai grams The former grains of 
course were hybrid since the yellow factor was introduced 
by the foreign pollen while the white endosperm grains 
must have resulted from own pollen and were homozygous 
In this way Jones obtained side by side m the same ear 
endosperms obviously hybrid and endosperms obviously 
homozygous When he weighed these two types he 
found that the hybrids exceeded the homozygotes in 
weight by from 5 to 35 per cent 

He made the reaprocal cross using the same mixture 
of yeUow and white pollen on silks of the yellow race 
Of course all the resulting endosperms were yellow but 
the hybrids which had the yellow factor only from the 
female side were distinctly lighter yellow than the 
homozygotes which had the yellow factor from both 
male and female sides Weighing these two types 
Jones obtained the same results as before the hybrids 
exceedmg the others m weight by an average of 20 per 
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cent 1 his is really the clearest demonstration of hybrid 
vigor that has ever been provided for the conditions of 
the experiment were ideally constant 

It IS interesting to note in this connection that there is no 
selective action favoring foreign pollen when these pollen mix 
tures are applied In fact the results indicate that own pollen 
IS successful in bringing about fertilization m a slightly greater 
number of cases than is foreign pollen 

It has been stated that the amount of hybrid vigor vanes 
directly with the width of the cross Of course this statement 
applies only within certain limits The situation is some\\hat 
clarified by considering the foUowmg series of cases which is 
arranged with respect to width of cross 

1 Parents so diverse that cross cannot be made 

2 Cross possible but seed obtained fails to germinate Ex 
ample certain NicoHana crosses 

3 Hybrid seed germinates but resulting hybnd plants are so 
weak that they fail to reach maturity Example other N'lcotiana 
crosses 

4 Hybrid plants mature and are extremely vigorous but are 
sterile except possibly in back crosses Example cabbage radish 
hybrid an enormous but completely sterile plant Example from 
animal kingdom the mule (On this matter see also chapter on 

Sterility ) 

5 Hybrid plants more vigorous than parents and completeh 
fertile Example corn crosses and many others 

6 Parents to cross so closely related that no production of 
hybrid vigor is noticeable 

( \n interesting phenomenon appears in certain wheat crosse 
where it is found that the F endosperms are w ell developed in the 
fertile crosses but shriveled in those crosses which are to produce 
sterile or partially sterile F plants Even m these latter cases 
however hybnd vigor appears m the vegetative parts of the F 
plants Sax i i ) 

Obviously It is only withm the limits of classes 4 and 5 that 
It can be said that hybnd vigor vanes directly "uith the width of 
the cross It is impossible to say ’vvhere the species boundary fits 
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into the foregoing scheme smce species boundanes are more often 
matters of personal opinion than radices of crossabihty 

The theory of heterozygosis claims that hybrid vigor 
appears in proportion to the number of factors in which 
the parents of the cross differ This claim should be 
considered briefly Is heterozygosis really an explana 
tion of the phenomenon of hybrid vigor? It seems 
obvious that it is not It was known that hybrids were 
vigorous because they were hybrids Heterozygosis 
states that hybrids are vigorous to the degree that their 
parents differed in hereditary factors in other words 
this is merely a statement that hybrids are vigorous 
because they are hybnds with the addition that the 
more hybrid a hybrid is the more vigorous it is It 
follows therefore that heterozygosis is not an explana 
tion of hybnd vigor but merely a restatement of the 
phenomenon in Mendehan terms with the additional 
idea that there may be various degrees of hybrid vigor 
It IS not the intention to discredit heterozygosis as a 
valuable conception but to point out that it is not a real 
explanation merely a more intelligent statement of facts 

Furthermore heterozygosis is rather unsatisfactory 
m another way It locks the door on any hope of ongi 
natmg pure strains havmg as much vigor as first genera 
tion hybnds 

For these reasons it would seem desirable to seek an 
explanation of hybnd vigor along other fines Such an 
explanation may be developed from the following con 
siderations 

In nature a struggle for existence occurs among 
speaes and mdividuals There must occur also a struggle 
for existence among umt characters If a umt char 
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acter is undesirable it is eliminated tor the indnidual 
or speaes that carries it is eliminated This would 
obviously apply particularly to the dominant characters 
for undesirable recessives imght well sur\i\e by escaping 
natural selection while m heterozygous combination w ith 
their dominant allelomorphs It follows that the domi 
nant umt characters that have survi\ed and appear in 
the plants of today are for the most part desirable ones 
The question may be raised as to what constitute^ a 
desirable character It may be any one of a number 
of things but is there not some feature which is common 
to all desirable characters ^ The common feature of all 
desirable characters would seem to arise from their rela 
tion to the vigor of the orgamsm Each desirable char 
acter must add somewhat to the vigor of the plant that 
contains it and assoaated with vigor are such things as 
size and productiveness Is it not reasonable that those 
plants will be most vigorous which have in combination 
the greatest number of desirable characters ^ The 
plants which have the greatest combination of such 
characters are the hybrids 

A diagram similar to that which was used to explain 
heterozygosis may be considered 

P t F 

AABBCCDDy.AABBCCdd = AABBCCDd=\itiX& hjbnd vigor 
AABBCCDDXAAbbccdd =AA BbCcDd =still more hybnd vigor 

In that explanation it was stated that the first case 
showed httle hybnd vigor because it had only one hetero 
zygous set (D(^) while the other case showed more 
hybnd vigor because it had three such heterozygous sets 
Hybnd vigor therefore appeared m proportion to the 
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number of heterozygous sets in the hybnd I his du 
gram served the purpose of explaining heterozygosis 
but it will now be discarded because it does not represent 
the most important result when two races are crossed 
The important result is represented in the following 
diagram 

p t F 

\ AaBlCcDdEeFf^more. hybrid vigor 
aabhccDDEEFF j - - 

\ AaBbCcDdeeff = less hybnd vigor 
aaboCCDDeejj J - 

The thought is that in each of these two cases the hybrid 
IS more vigorous than either parent not because it con 
tains more heterozygous sets but because it contains 
more dominant factors which means more desirable 
characters For example in the first case each parent 
contains three factors the small letters representing 
merely the absence of factors The F generation there 
fore contains six factors and for this reason is more 
vigorous than either parent It is stated m the diagram 
that in the first case there is more hybrid vigor and 
in the second case less hybrid vigor simply because 
hybrid vigor is a relative term It represents merely 
how much more vigorous the hybrid is than either parent 
In the first case the parents have three factors and the 
hybrid six the increase being three which measures the 
amount of hybrid vigor In the second case each parent 
has two and the hybrid four the increase therefore 
IS only two and for this reason there is less hybrid vigor 
in the second case than in the first 

Assummg that the majority of dominant factors are 
desirable and that desirable factors make for general 
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vigor it would follow that the most vigorous plant uiU 
be the one contaimng the greatest number of dominant 
factors It has been shown that the plants contain 
mg the greatest number of dominant factors are the 
hybrids it is for this reason that hybrids are relatn ely 
vigorous 

The following question may be raised If it is granted that 
most desirable factors tend somewhat to increase the general \ igor 
do they all do this to the same degree ^ The natural answ er is in 
the negative but this has no bearing upon the validity of the 
explanation On the other hand if heterozygosis be accepted for 
an explanation the question presents a difiiculty Hetero2> gosis 
would suggest that A a induces vigor not because of any particular 
factor that it represents but because it is a heterozygous set 
It seems more reasonable and natural to suppose that certain 
factors induce more vigor than others 

It IS evident that the suggestion made abo\ e is that 
of a real explanation of hybrid vigor and not mereh a 
restatement Keeble and Pellew (io) suggested it in 
1910 and since that time it has been somewhat discussed 
in the literature being referred to as the hvpothesis 
of dominance (accounting for hybrid \igor) \t first 
statement the theory seems sound but actually it does 
not fit the facts The two outstanding objections to 
this theory of dominance are brought out in the publica 
tions of Shull Emerson and East 

I If hybrid vigor were due to dominance it would be 
possible in generations subsequent to the F to recom 
bine in one race all of the dominant factors in the homo 
zygous condition Thus there could be isolated a race 
that was 100 per cent Mgorous and since it would 
be homozygous its vigor would not be lost by inbreeding 
Actually though no one has (as yet) been able to fix 
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hybnd vigor m this way ‘ all maize varieties lose vigor 
when mbred ’ 

2 Experience assures us that the distribution of 
mdividuals in the F generation with reference to hybrid 
vigor is represented graphically by a symmetrical curve 
similar to the normal probabihties curve the class con 
twining the greatest number of individuals is that which 
shows the medium amount of hybrid vigor while on 
either side of this class the fall m the curve is regular 
reaching its lowest pomts in the two small extreme classes 
which show respectively greatest hybrid vigor and least 
hybnd vigor According to the dominance hypothesis 
the largest class of the F individuals is that showmg 
greatest hybnd vigor (if only a few effective factors are 
assumed as was the case in the work of Keeble and 
Pellew) while the smallest class would be that showing 
least hybnd vigor The curve representing such a situa 
tion would be asymmetrical and stnkingly different from 
that which actually occurs 

For these two reasons the dominance hypothesis as 
proposed by Keeble and Pellew has been discarded 
Although it IS theoretically attractive its failure to satisfy 
these two important details of the hybnd vigor situation 
has condemned it 

Recently Jones (7) has ingeniously modihed the 
dominance hypothesis so as to avoid these difficulties 
The argument is essentially the same with one very 
significant modification Jones visualizes the situation 
as represented in fig 27 In this case it is a question 
of linkage of doimnants and recessives The vigor of 
one parent is due to the two dominant factors A and D 
while that of the other parent is due to the two dominant 
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factors C and B The hybrid is more vigorous than 
either because it combines all four do minan t factors 
The attractiveness of this scheme hes in the fact that it 
escapes the objections that were made to the older dorm 
nance hypothesis 



Fig 27 —Diagram to aid m visualizmg Jones b ex-planation ot 
hybrid vigor by dominance of linked factors 

I The fact that 100 per cent hybrid vigor cannot be 
fixed IS quite in accordance with Jones s scheme for it 
IS obviously impossible to isolate a race homozygous for 
all four factors ABC and D 

As a matter of fact it v^ould be theoretically possible under 
this scheme to isolate just such a homozygous race If crossing 
over took place during gamete formation by the F 4 and C might 
come to lie on the same chromosome When a gamete containing 
such a chromosome mated with another gamete of the same sort 
a race would thereby be estabhshed which was homozygous with 
respect to A and C If a similar performance took place (either 
simultaneously or in some subsequent generation) in the other 
chromosome pair the race would also achieve homozygosity w ith 
respect to B and D and would thereafter breed true for all four 
factors 

It must be evident however that there would be but a remote 
chance of reahzing this theoretical possibility inasmuch as there 
actually must be many more than two chromosome pair^ involved 
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and more than two effective factors on each chromosome At the 
same time it is rather encouraging to believe that such a possibility 
exists so that eventually we may be able to obtain a race that is 
homozygous for all or practically all of the desirable factors 

2 A simple mathematical demonstration will show 
that the distribution of F individuals is quite what it 
should be represented by a symmetrical curve similar to 
the curve of probabilities 

It can be demonstrated rather rapidly that Jones s scheme 
will satisfy the requiiements on distnbution of F individuals 
with respect to hybrid vigor and on the progressive loss of vigor 
in the later inbred generations It was seen that the heterozy 
gosis theory could account for these facts by the use of the simple 
example AAbbXaaBB As a matter of fact fig 27 becomes the 
exact mathematical eqmvalent of this example if we substitute 
the Ac chromosome of the dominance scheme for A of the heterozy 
go is scheme the bD chromosome for b the aC chromosome for 
a and the Bd chromosome for b In this way it will be discovered 
that the two schemes run exactly parallel in accounting for the 
facts m every generation 

In fact this new theory the dominance of linked 
factors seems altogether sound and natural We 
should rather expect that each chromosome would bear 
several dominant factors conducive to vigor and several 
recessives as weU 

Recently Collins (2) has presented some interesting consid 
erations beanng on this scheme of Jones s Collins maintains 
that in explaimng hybrid vigor one should place the emphasis on 
the suppression of deletenous recessive characters rather than on 
the accumulation of dominant growth factors This is merely a 
change in the point of view Collins further maintains howevei 
that the dominance scheme can really account for the facts with 
out the assumption of linkage provided a sufficient number of 
effective factors be assumed There is some rather good evidence 
to support these contentions of Collins For the present how 
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ever Jones s explanation seems distmctly more serviceable than 
any other that has been offered 

Shull s scheme to take practical advantage of h\ bnd vigor 
in such a plant as corn has one distinct drawback \s tv as brought 
out in chapter 11 the size of a corn plant is limited by the size of 
the seed which produces it and this in turn is limited by the size 
of the mother plant upon which the seed developed Since 
Shull s races A and B were both inbred races they must have been 
rather small Consequently whichever way the cross tv as made 
the seeds containing the F embryos would be limited in size by the 
small size of the female parent so that the F plants would get a 
poor start and would never be able to attain the size that would 
have been possible had they come from large seeds 

Jones (9) suggests a way of overcoming this di&cultT 
Starting with four pure races cross 1 with B and C TTith D 1 his 
will result in two vigorous F types either one capable of de\ elop 
mg large seeds Cross these two and a double hvbrid re ult 
which combines in good part the advantages of all four of the 
original races and is not limited in size bv starting from a small 
seed Of course there is a certain drawback here also since the 
generation used for the crop is an F with respect to the tw o original 
crosses and has somewhat less than the maximum vigoi on that 
account The relative advantages and disadvantages of such 
breeding plans can be evaluated only by experiment Jone 
claims to have gotten better results from his double cross method 
than could be obtained from Shull s plan 

From the discussion that has been presented in this 
chapter one may safely conclude that the phenomena 
•which arise in connection with inbreeding and outbreed 
mg can be explained satisfactorily in terms ot the Men 
dehan mechamsm of inheritance It should be recog 
nized that inbreeding is not injurious per se (through mere 
fact of consanguimty) but because it ser\es to isolate 
undesirable recessive types from a hybrid mixture 

The proof on this point is that inbreeding in homoz\ 
gous stock results in no deterioration Jones (9) haa 
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earned on through twelve generations the inbred corn 
cultures that were started by East In the course of 
this expenment a great number of undesirable recessive 
types have been thrown off On the other hand certain 
of the hnes that have been isolated by this inbreeding 
are quite normal and healthy though small in stature 
and yield A point of homozygosity has been reached 
where further inbreeding brings no further loss in vigor 

On the other hand hybrid vigor does not arise from 
the act of crossing per se but merely through a combina 
tion in the hybnd of the maximum number of desirable 
factors 

On this point the proof hes in the fact that crossing 
brmgs hybrid \igor only when the parents to the cross 
differ in their germinal constitution There is plenty of 
evidence on this point In Jones s inbreeding experi 
ments a point of homozygosity has been reached where 
crosses between different individuals of the same line 
brmgs absolutely no hybrid vigor 

In conclusion attention should be called to the danger 
of confusmg phenomena of hybnd vigor with those of 
cumulative factors Both mechamsms may operate on 
some generalized quantitative character such as size but 
the hereditary behavior is distinctly different Cumula 
tive factors bnng an F which is no more variable than 
either parent type and mtermediate in size and later 
generations which are highly vanable The average size 
of the whole population however is the same for every 
generation mcludmg the parental and the F generations 
The hybnd vigor mechamsm also brmgs an F no more 
\ ariable than either parent type (as would any Mendehan 
mechamsm lor that matter) and later generations which 
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are widely variable In this case however the a\ erage 
size of the whole population is distinctly different in the 
different generations In such a matter as size the 
hybrid vigor mamfestations would be supenmposed upon 
the cumulative factor mamfestations 

It might appear unsatisfactory and arbitrary to assume domi 
nance of factors as essential to explaimng hybrid vigor and lack 
of dominance in the case of cumulative factors It is quite likel} 
however that the fundamental and natural distinction betw een 
the two mechanisms lies in this veiy point Where a number of 
factors interact in affecting some quantitative character and those 
factors show lack of dominance a cumulative factor mechamsm 
is thereby set up A similar interaction where the factors are 
dominant brings into play the hybrid vigor mechanism There 
IS a difference between the two mechanisms simply because some 
factors show dominance and others do not 

This idea may be reinforced by the following theoretical sug 
gestion Where the environment (using the term in its widest 
sense) imposes no limitation upon the degree to which a character 
may be expressed it follows that two doses of a factor must have 
twice the effect of one dominance is lacking Where the en\aron 
ment limits the expression of a character and one dose of a iactor 
results in a development of the character to this limit two do es 
can affect nothing more dominance is present Furthermore 
these environmental limitations may shift as the environment 
changes Such an environmental shift could affect in no w av the 
degree of development of those characters in connection with 
which there is no dominance but would be expected to affect the 
degree of development of those characters where dominance 
occurred According to this idea we should expect non domi 
nance or cumulative factor characters to be of such a sort that the 
environment never affects the degree of their development w hile 
dominance or hybrid vigor characters would be those which envi 
ronmental changes could also modify For the most part this 
actually agrees with the facts (see p 165) Further investigation 
will doubtless provide a more defimte answer on this matter 
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CHAPTER XIII 
SEX DETERMINATION 

Sex determination is very properly a part of the sub 
ject of genetics It should be reahzed however that a 
vast amount of investigation has been earned on m this 
field and it will be possible here to take up only a limited 
number of representative cases 

Since this subject has been investigated a great deal 
more thoroughly and for a great many more years m 
animals than in plants it will be appropriate first to 
consider some of the findings of the zoologists Until 
very recently at least there appeared two outstanding 
and seemingly quite contradictory views as to the basis 
of sex determination 

1 Some believed that sex is predetermmed by the 
chromosome equipment that enters into the zygote 

2 Others beheved that sex may be determined other 
wise than by the chromosomes the decisive factors being 
certain physiological conditions surrounding the unfer 
tilized egg or the developing embryo 

These two general views will be referred to as the chro 
mosome theories and the physiological theories Repre 
sentative examples of each will be considered bnefiy 

Chromosome theories —classic example of the 
simplest kind is to be found in the nematode worms 
Fig 28 will indicate how sex is deterimned in this case 
Both male and female have ten chromosomes (com 
monly called autosomes) to determme most of their 
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somatic characters but in addition there arc extra 
chromosomes that determine sex known as sex chromo 
somes or heterochromosomes In this case the male con 
tains only one sex chromosome while the female con 
tains two At the reduction division when the gametes 


MALE FEMALE 



Fig 28 —Illustrating behavior of sex chromosomes 


are formed the chromosome eqmpment is reduced one 
half It IS obvious that in the female each egg receives 
one sex chromosome and therefore aU eggs are alike in 
this feature In the male however with one sex chro 
mosome at the reduction division the solitary sex chro 
mosome goes to one pole leavmg the other pole without 
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such a chromosome As a result there are two kinds of 
sperms one half containing a sex chromosome the other 
half containing none At fertilization if an egg mates 
with a sperm having a sex chromosome the zygote con 
tains two and this will develop into a female for females 
are characterized by two sex chromosomes With a 
sperm of the other type the zygote receives only one sex 
chromosome and must produce a male individual As a 
result males and females are produced in equal numbers 
sex being determined by the type of sperm that enters 
into the sex fusion 

Certain conclusions may be drawn from this mecha 
nism of sex determination which will serve to provide 
a sharp contrast with the corresponding conclusions that 
may be drawn from the physiological theories 

a) The sex ratio will regularly be 50 per cent males 
50 per cent females It would be rather hopeless to 
modify this ratio by artifiaal means 

b) Sex IS a qualitative matter only two conditions 
being possible strictly male and strictly female 

Numerous instances of the sex chromosome mechamsm have 
been discovered in the animal kingdom Details differ in the 
different cases but the essential mechamsm remains the same 
In addition to the type of case described above where the male 
has only one member of the sex chromosome pair there are in 
general three other possibilities The male may have one large 
chromosome (similar to the pair in the female) paired with a small 
one the male may have two sex chromosomes of approximately 
the same size but different m shape or the male may have two 
sex chromosomes which are morphologically identical but physi 
ologically different in their inffuence on sex In all of these cases 
the fundamental mechamsm remains the same the male being 
heterozygous for sex so that two types of sperms are produced in 
equal numbers and the sex of the offspring depends upon which 
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type of sperm has effected fertilization In the cases wheic the 
male has an unequal pair of sex chromosomes that member of the 
pair which is similai to the equal pair of the female is known as 
the X chromosome while the other chromosome of the male is 
the Y chromosome {fCX is female YF is male) 

Furthermore although the male is usually the heterozygote 
for sex there are some cases in which the female is the heterozy 
gote In such cases the sperms are all alike two types of eggs 
are produced in equal numbers and the sex of the offspring depends 
upon which type of egg has effected fertilization This is the 
situation in the birds and in the Lepidoptera group of insects while 
in practically all of the other known cases it is the male that is the 
heterozygote for sex 

When genes are located on the X chromosome their method of 
inheritance is characteristic bemg known as sex linked inheritance 
(This term should not be confused with sex Iwiited inheritance 
which applies to cases where the genes are earned on the auto 
somes in the usual manner but can express themselves only in one 
sex e g heavy beardedness in man) Numerous examples of 
sex hnked inhentance are to be found in the fruit fly 

The female fruit fly has a pair of X chromosomes while the 
male has an X mated with a F the two being distinguishable by 
their shape Numerous genes are located on the X chromosome 
but none have been identified on the F which seems quite negh 
gible m inheritance Vermihon {v) a recessive to normal red 
eye (F) is a gene of this sort When a vermihon female (iX) 
(vX) is mated with a red male (FA) F all of the female progeny 
are bound to be red (vX) (F\) while all of the male progeny will be 
vermilion (t \ ) F as is explained by fig 29 Phis has often been 
called zig zag inheritance since the character of the mother 
passes to the sons while the character of the father passes to the 
daughters All of the other possible matings work out just as one 
would expect from the mechanism that is involved 

Some very recent papers (Castle 10) have suggested that genes 
may actually be located on the F chromosomes m some animals A 
pecuhar one sided type of inheritance results since it is possible for 
such genes to be present only m the male The author is not as yet 
certam that these findmgs will be accepted bv other geneticists 
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In this connection it will be worth while to consider briefly 
some of the work of Bridges (5) which provides the final 
demonstration that the chromosomes are the bearers of hereditary 
characters and that the sex chromosomes are really the eflective 



Fig 29—Shaded X chromosomes carries gene (P) for red e}e 
unshaded X chromosome lacks this gene (1 e condition ) I chromo 
some of male distinguished by shape Individuals carr>in I are 
red eyed those lacking it are vermihon eyed This dia ram sho\\ s ho\ 
vermihon female (upper left) mated with red male (upper ri ht) results 
in red daughters (lower left) and vermihon sons (louver right) 

units in determimng sex Occasional non disjunction of the X 
chromosome during gametogenesis in a vermihon female results m 
the production of two abnormal types of eggs (jY) (A) and O 
(fig 30) The matmgs of these two abnormal types of eggs with 
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the two normal types of sperms from a red male will result m four 
possible types of zygotes 

A {vX) {vX) egg with a {VX) sperm gives a {vX) (vX) {VX) 
zygote which might be expected to produce a red female but 
actually dies (according to Bridges earlier statements) 

A (vX) (vX) egg with a Y sperm gives a (?^Y) (ij\) Y zygote 
which produces a vermihon female 



Fig 30 —Showing the four types of zygotes vhich result from mat 
mgs bet'v^een non disjunctional e gs of vermilion female and normal 
sperms of red male Note particularly the second and third zygotes 
which produce the exceptional indi\ iduals vermilion female and ed 
male 


An 0 egg 'With a {VX) sperm gives a (FA) zygote which 
produces a red male 

An O egg with a Y sperm gives a Y zygote which dies 
Inasmuch as vermilion female crossed with red male normally 
gives only red daughters and only vermilion sons the vermilion 
daughters and red sons which result from the non disjunctional 
eggs appear as startlmg exceptions to the normal rule The 
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occurrence of occasional individuals of these exceptional types led 
Bridges to suspect that non disjunction had taken place Later 
he effected a striking confirmation by cytological demonstration 
that the exceptional vermilion females possessed a Y chromosome 
and that the exceptional red males had no Y chromosome This 
work provides the final convincmg demonstration that the chromo 
somes are the bearers of hereditary characters since abnormalities 
in the distribution of a certain chromosome set are accompamed 
by corresponding abnormalities in the distribution of those genes 
which were assumed to be located on that chromosome set 

In the chapter on bud variation the phenomenon of chromo 
some ehmination was discussed (p i i) Morgan and Bridges 
(17) have discovered this sort of thing in connection with the sex 
chromosomes in the fruit fly An individual which starts its 
development as a normal female XX has one of the Y chromo 
somes eliminated from one of the daughter cells at an early 
embryonic division Tissues arising from this daughter cell 
have only one X chromosome and show the characteristics of the 
male sex while the rest of the tissues are female Indi\iduals of 
this part female—^part male type are known as gynandromorphs 

Physiological theories —In 1906 Hertweg (14) 
performed some sex determination experiments with 
frogs The eggs are laid free in the water before fer 
tilization so that they furmsh unusually good material 
for such experiments Normally the eggs are fertilized 
very soon after they are laid with the result that the 
progeny consists of approximately 50 per cent males and 
50 per cent females Hertweg took some ot these eggs 
and allowed them to overripen before fertilization took 
place that is he put aside some eggs as soon as they 
were laid and allowed them to remain unfertilized for an 
unusually long period While these eggs were standing 
m the water he found that they absorbed an unusual 
amount of water and the obvious conclusion was that 
overripe eggs show high water content He then allow ed 
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these overripe eggs to be fertilized and the resulting 
progeny were loo per cent males His conclusion was 
that sex was not determined by the chromosome equip 
ment but by the physiological conditions of the egg 
high water content resulting in males 

This theory was confirmed in a striking way m 1912 
by Miss King (15) who performed the converse of 
Hertweg s experiments using toads eggs Taking 
some ne^ly laid eggs she withdrew water fiom them 
then allowed them to be fertilized and the resulting 
progeny were 90 per cent females The obvious conclu 
Sion IS that eggs with low water content produce females 
Finally there is the remarkable work of Riddle (18) 
with pigeons Hertweg and Miss King had found that 
sex IS determined by the physiological factor of water 
content Riddle has investigated the matter a little 
more fully and from his analysis of the physiological 
conditions of male and female he gives the following 
contrasts 

Ml FI 

High percentage of "W ater Low percentage of water 

Low percentage of fat High percentage of fat 

Low percentage of phosphorus High percentage of phosphorus 
High rate of metabolism Low rate of metabolism 

It appears from this that high water low fat and low 
phosphorus are male attributes or conditions while the 
female attributes are the reverse The mam feature of 
difference however to which the other contrasting con 
ditions are subordinate is that the male shows high 
metabolism and the female low metabolism The idea 
is that any physiological conditions that affect water 
content fat content or phosphorus content or through 
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these (or otherwise) the metabohc rate in the egg will 
affect the sex of the resulting progeny 

Following these ideas Riddle was able to control 
the sex ratio by various means Furthermore he makes 
the somewhat startling statement that sex is a quanti 
tative phenomenon that is the ditierence between male 
and female is a difference in degree only 4 diagram 
(fig 31) will illustrate the situation It repre ents a 
graduated scale based on the physiological condition of 
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Fig 31 —Illustrating Riddlf s idea of se Sexes differ onl quanti 
tatively and it is possible to find various de rees of maleness and female 
ness at different points alon the scale 


the egg The egg may be at any point on the scale and 
the sex of the individual produced by the egg will depend 
upon its position on the scale 4 n egg in any position 
to the left of the middle results in a male and to the right 
in a female It should be noted that if the egg is near 
one of the extremes the progeny will be either a \eiy 
mascuhne male or a very femimne female while if the 
egg lies near the middle point on one side or the other 
the progeny will be a male with some female character 
istics or a female with some male characteristics in 
other words a femimne male or a mascuhne female 
In fact Riddle was actually able to bring this about 
obtaimng at will males with all degrees of maleness etc 



Outline of Genetics 


190 


This mechanism of sex determination suggests the 
followmg conclusions which contrast sharply with the 
correspondmg conclusions that were drawn from the 
sex chromosome mechamsm 

a) The sex ratio has no fixed value but may be 
modified artificially through mampulation of the effec 
tive physiological conditions 

b) Sex IS a quantitative matter strictly male 
and Strictly female being merely the two extremes 
between which there may occur various grades of inter 
sexes or sex intergrades 

Havmg as a background these two contrasting the 
ones on sex determination m ammals we may consider 
briefly some of the situations that have been uncovered 
m the plant kmgdom A few meager bits of evidence 
suggest a sex chromosome mechamsm in plants 

Strasbtirger (22) has descnbed some experiments 
with the hverwort Sphaerocarpus which is pecuharly 
fa\orable material for such work It is dioeaous 
hke many liverworts but a remarkable feature is that 
the spores hang together m the tetrad Ordinarily 
when spores mature the tetrads are no longer distinguish 
able Sowmg such free spores one may get the 50-50 
ratio of male and female gametophytes but this is no 
sure mdication that the sexes are evenly divided in every 
tetrad it may have been only an equal division m the 
capsule as a whole Sphaerocarpus however provided 
an opportumty to test this matter for one could isolate 
mature mdmdual tetrads the four spores hanging 
together When such tetrads were sown m separate 
pots four gametophytes were obtamed in most cases 
and practically always two of the gametophytes were 
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male and the other two female This behavior certainly 
suggests an even separation of the sexes at the reduction 
division such as would be brought about by the sex 
chromosome mechamsm 

More recently Allen (i) after repeatmg and con 
filming the foregoing experiment made a systematic 
cytological search for the X chromosome in Sphaero 
carpus He now reports that one large chromosome 
(A) exceeding in length and thickness the other chro 
mosomes characterizes the cells of the female game 
tophyte while the cells of the male gametophyte are 
characterized by one very small chromosome (F) His 
investigation shows that in spore formation two of the 
spores of the tetrad receive the large chromosome while 
the other two receive the small chromosome 

This rather clearly estabhshes a sex chromosome 
mechamsm but the situation is distinctly different from 
that in a nim als The sex chromosome mechamsm in 
anim als provides for a differentiation of sexual indiMd 
uals in the diploid generation the female being X X 
and the male XY The sexual individuals in Sphaero 
carpus however are of the haploid gametophyte gen 
eration the female gametophyte regularly being Y the 
male Y and the sexless diploid sporophyte generation 
being regularly XY In the animal mechamsm sex is 
really established only at the time of fertilization while 
m Sphaerocarpus it is estabhshed immediately at the 
reduction division 

Marchal (i6) has done an interesting bit of work which 
further provides mdirect evidence on a sex chromosome mechanism 
for sex determination m the gametophyte generation Funaria 
IS a dioeaous moss and hence it may be assumed that the sexes 
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are separated at the reduction division in the formation of spores 
Each spore carries the potentialities for one sex only but of course 
the sporophvte as a \\ hole before the reduction division must carry 
the potentialities for both sexes M^rchal by a peculiar tech 
mque of his o^^ n clipped a fragment from a young sporophyte and 
induced it to reproduce aposporously that is the sporophyte 
fragment produced a gametophyte directly The fragment must 
have contained the potentiahties for both sexes since it consisted 
of tissue in \\hich the reduction division had not yet occurred 
Presumablv the resulting gametophyte should be bisexual pro 
ducing both antheridia and archegonia and this was the result 
actually obtained It is quite in accord with the sex chromosome 
theory and a striking confirmation of it 

If one IS to find in plants a sex chromosome mecha 
nism comparable to that of animals he must look to the 
cases where the diploid sporophyte generation shows a 
sexual differentiation of individuals such as in dioecious 
angiospermb Santos (19) working with Elodea has 
shown that m the tissues of the male plant there regularly 
occurs (in addition to certain even pairs of autosomes) 
one une\en pair of chromosomes of which the larger 
member may be designated as A and the smaller member 
as Y He has further demonstrated that the reduction 
division serves to separate the members of this pair so 
that half of the pollen grains contain an X chromosome 
and the other half contain a F chromosome Prehmi 
nary examination suggests that the tissues of the female 
plant are regularly of the XX constitution but this part 
of the work has not yet been completed There seems 
httle doubt howexer that here is a sex chromosome 
mechamsm exactly equivalent to those found m the 
animal kingdom Two types of pollen grains X and 
Y produced m equal numbers and mating with (pre 
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sumably) one type of egg X result in 50 per cent female 
individuals XX and 50 per cent male individuals XY 

Indirect evidence of a sex chromosome mechamsm in angio 
sperms is provided by some of the experiments of Correns and 
Shull Correns (12) crossed the dioecious Bryoma dioica with 
the hermaphroditic B alba while Shull (21) crossed Lychnis 
dioica with hermaphroditic mutants from the same The sexual 
behavior of the progenies m the two cases was not identical but 
both suggested a sex chromosome mechanism with the male 
heterozygous for sex (The theoretical explanations however 
are so complex and dubious that thev cannot conveniently be 
discussed here ) 

More recently Correns (ii) working with Meland) iim 
{Lychnis) has uncovered an interesting phenomenon which 
might be interpreted as indicating a sex chromosome mechanism 
and a type of sex linked inheritance It is assumed that pollen 
grains of the two types are produced in equal numbers but that the 
female determining grains {X) contain a gene which hastens 
pollen tube growth while the male determining grams (F) lack 
this gene When a deficient amount of pollen is applied to the 
stigmas the resulting sex ratio is 44 per cent males per cent 
females When a large excess of pollen is applied so that com 
petition between male determining and female determining 
pollen tubes is more severe the resulting sex ratio is 3 per cent 
males 68 per cent females 4 moderate excess of pollen results 
m 40 per cent males 60 per cent females 

At the present date there is probabl> more e\ idence 
to support physiological theories of sex determination 
m plants It should be borne in mind that the majoriU 
of plants are bisexual individuals and that such cases 
are hardly comparable with umsexual animals \ er> 
often in bisexual plants the male and female gametes 
are produced at slightly different stages m the hfe cy cle 
and the interpretation of such phenomena is usually 
sought in terms of physiological conditions A young 
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fern prothallium frequently produces antheridia only 
while a mature prothallium produces archegonia only 
In attemptmg explanation it is usually stated that more 
nutrition is required for the production of archegonia 
and eggs than for the production of antheridia and 
sperms Durmg the flowering season monoecious angio 
sperms (e g Begonia) will sometunes produce the male 
flowers distinctly earher than the female flowers or the 
reverse In connection with such cases botanists usu 
ally feel that the potentialities for both sexes are at all 
times present in aU the tissues of the individual and that 
it remains for some unknown complex of physiological 
conditions to call out one or the other sex in any given 
region of the plant Surely no sex chromosome mecha 
nism can be at play to account for sex differentiation 
here Only by assummg a reduction division some 
time during somatogenesis or a regular and pen 
odic chromosome elimination could such cases be 
brought in hne with the sex chromosome mechanism 
of sex determination It is much more reasonable 
(for the present at least) to regard bisexual plants as 
outside the scope of the sex chromosome mechanism 
In umsexual plants one is confronted by a different 
situation and sometunes as discussed above a sex chro 
mosome mechanism seems to be determining sex Even 
here however it would doubtless be possible to cite more 
evidence favonng the physiological theories Angio 
sperms that are normally dioecious have frequently 
produced bisexual plants that might well be regarded as 
mtersexes Considerable work has been done to mdi 
cate that \anous environmental conditions may either 
modify the sex ratio or result m the production of inter 
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sexes A favorite subject for such experiments is Canna 
bts and many investigators have succeeded m a certain 
amount of artifiaal mampulation of sex m this form 
ScHAFPisrER (20) has gone so far as completely to reverse 
the sex of given mdividuals by modifymg the cultural 
conditions He voices the behef of many other botanists 
when he draws the following conclusions 

Sexuahty is a state or condition not Mendehan in 
nature but related to functional activity of the plant 
and profoundly influenced by environment Maleness 
and femaleness in hemp are probably controlled by the 
metabohc level of the cells and sex reversal takes place 
when the metabohc level is decidedly changed or dis 
turbed Any tissue in its growth may be in a neutral 
state of varymg degrees of intensity and during its 
contmued growth can pass from one state to the other 
without any reference to chromosome segregation or 
combmation which are the ordmary causes of Mendehan 
phenomena 

The situation might be clarified somewhat b} the 
foUowmg generalization Not only are there relati\el> 
fewer plants than animals m the umsexual condition 
but even in those plants that are umsexual this condition 
IS not so completely established as m ammals The 
sex chromosome mechamsm seems to operate onl\ in 
organisms where the purely unisexual condition prevails 
and has prevailed for some time back m their ph>lo 
genetic history Many of the dioecious angiosperms 
however seem rather recently to ha\e been derixed from 
ancestors which have the two sexes represented m the 
same flower (or at least on the same plant) In these the 
dioecious condition seems not to ha\ e been firmly estab 
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lished a regular sex chromosome mechanism has not as 
yet been perfected 

It IS small wonder that bewildering sex conditions appear 
in these imperfectly dioecious angiosperms Schaffner and 
others have pointed out how extrinsic factors may operate to 
determine sex in such forms It is evident though that intrinsic 
hereditarv factors may also play their part in such cases This 
may be illustrated by some of the experiments of Strasburger 
(22) on Mercurmlis (later confirmed by Yampolsky 23) Stras 
BURGER had the idea that the pollen mother cell develops pollen 
grains with stronger and weaker male tendencies while the mega 
spore mother ceU develops eggs with stronger and weaker female 
tendencies It is therefore the algebraic sum of the two as they meet 
in fertilization that determines the sex of the progeny If a pollen 
grain -vMth strong male tendencies mates with an egg with weak 
female tendencies the resulting individual will be male and simi 
larly for the other combination These assumptions are supported 
by the behavior of Mer cun alts This form has for the most part 
pure male and pure female individuals but at times it throws 
intersexes of various grades Certain plants are prevailingly 
female but bear a fe^^ weak male flowers In a plant of this 
sort It vould seem that the female tendencies are stronger than 
the male When such a plant is mbred using pollen from the 
weak male flowers on the stigmas of the strong female flowers the 
resulting progeny is all female which is in accordance with Stras 
BURGER s theory Other plants are prevailingly male but bear 
a few weak female flowers and inbreeding these results in all 
males Finally there are some plants which are evenly monoe 
Clous half their flowers being strong males and the other half 
strong females Inbreeding such plants yields a progeny which is 
per cent male and 50 per cent female It is obvious that from 
such results Strasburger would be convinced of his theory of 
male and female tendencies 

Of considerable interest to botanists is some work that has 
been done on the sexual condition of Mucor and related genera of 
fungi Blakeslee (2 3) found three different sexual types of 
mycelia two of which he called plus and minus strains 
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Although they looked alike in every particular he concluded that 
they were sexually different for the following reason Neither 
strain by itself is capable of producing zygotes but when plus 
and minus strains are brought together sexual branches from the 
one meet sexual branches from the other and produce abundant 
zygotes The natural conclusion is that Blakeslee s plus and 
minus strains represent the male and female conditions although 
the sex cannot be distinguished by direct exammation The third 
type of mycelium he called the neutral strain for it is incapable 
of producing zygotes in any combination 

The answer to the question as to where sex is determined in 
these forms is as follows When a zygote germinates one or more 
sporangia are produced very early and individuals are multiphed 
by the spores from these sporangia In Mucor itself the segrega 
tion of sex is evidently completed before the formation of spores 
in this first sporangium for all of its spores will produce the same 
strain of mycelium The sporangium as a whole therefore is 
either male or female In Phycomyces however a different 
behavior appears The zygote produces a sporangium but the 
sporangium is not completely of one sex It produces three types 
of spores spores producing the plus strain spores producing the 
minus strain and spores producing the neutral strain The plus 
strain then perpetuates only plus strains through its spores which 
means that sex is fixed in this case The minus strain behaves in 
a similar manner The neutral strain however produces spores 
of all three types an interesting situation for it suggests JMendelian 
segregation 

Burgeef (8) has performed an interesting operation on this 
same material By means of a very careful technique he grafted 
parts of the plus strain on to the minus strain and secured graft 
hybnds with the characteristics of the neutral strain In attempt 
ing to interpret the foregoing results it should be remembered that 
Mucor and its relatives are coenocytic so that nuclei of two types 
can mingle freely in the mycelium 

Proceeding further with this material Blakeslee (4) isolated 
numerous plus and minus strams and found that they differed 
in their sexual intensity as computed in terms of the number 
of zygotes formed under standard conditions Evidently some 
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strains are more strongly plus (female as was later determined by 
indirect means) and others less strongly plus and the same was 
true of the min us (male) strains This strongly suggests a quanti 
tative interpretation of sex 

Recently BuRGsrp (9) has discovered some startling facts in 
connection with sex in some of the other genera of Mucormeae 
Absidm shows the customary plus and minus strains as does also 
Parasitella This latter genus is a parasite upon other genera of 
the same family and in connection with this parasitic habit there 
appears a remarkable situation The plus strain of Parastiella 
will parasitize the minus strain of Abstdta but not the plus strain 
of Absidta while the minus strain of Paras%tella will parasitize 
the plus strain of Abstd^a but not the minus strain of Abszdta 
The author concludes that the hypothetical sexual substance which 
distmgmshes the plus and minus mycelia of Abs^d^a is identical 
with the substance that induces parasitism and that the parasitic 
relationship here has arisen as the result of an unsuccessful attempt 
at hybridization between the two genera 

The discussion to date leaves the interpretation of 
sex determination in a distinctly unsettled condition 
We find that in a great many animals and a very few 
plants a very definite sex chromosome mechanism oper 
ates to determine sex and that sex is a qualitative 
proposition only the two conditions of strictly male and 
strictly female being possible On the other hand it is 
suggested by the sexual behavior of some ammals and 
quite a number of plants that the general physiological 
condition is important m determming sex and that sex 
is a quantitative matter mtersexes or sex intergrades 
being possibihties that are frequently realized 

There are three possible conclusions with reference 
to these contradictory theories (i) an acceptance of 
one and rejection of the other (2) the claim that both 
amount to the same thmg that they express the same 
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fundamental facts in ditferent terms or b\ the use of 
different mdices (3) the claim that both are true but 
cover different terntories that one of them explams 
certam t3rpes of cases and the other explams other tj^pes 
of cases 

Until very recently the third alternative seemed the 
most acceptable inasmuch as the two types of ^ex deter 
mmmg mechanism had never been clearly identified m 
the same organism The recent work of Bridges (6, 7) 
however sways opinion to the second of the toregomg 
alternatives for it harmonizes the two contradictor} 
views on sex determination to a degree that would hardly 
have seemed possible 

An unexpected distribution m inheritance of known 
factors which are located on the second and third chro 
mosomes of the fruit fly was explamable on the assump 
tion that the female parent was triploid with respect to 
these chromosomes Cytological examination pro\ ed 
that this was actuallv the case The same group of 
flies also exhibited some remarkable irregularities in 
their sex condition A considerable group of intersexe^ 
occurred as evidenced b> the secondary sex characters 
and the condition of the gonads as well (This was 
apparently a bimodal group some of the intersexes being 
of a more female type and others of a more male 
type) Cytological examination of these mdiv iduals 
revealed that the second and third chromosomes were 
regularly present in a triploid condition that the fourth 
chromosome was either diploid or triploid and that two 
X chromosomes were regularly present fwnth or without 
a F chromosome) The situation is interpreted as 
follows 
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It IS not the simple possession of two X chromosomes 
that makes a female or of one that makes a male The 
preponderance of genes that are in the autosomes tends 
toward the production of male characters and the net 
effect of genes in the X is a tendency to the production 
of female characters The ratio of 2X 2 sets autosomes 
produces a female while iX 2 sets autosomes produces a 
male An intermediate ration 2X 3 sets autosomes 
produces an intermediate condition the intersex 

The fourth chromosome seems to have a disproportionately 
large share of the total male producing genes for there are indica 
tions that the triplo fourth intersexes are preponderantly of the 
male type while the diplo fourth intersexes are mainly female 
type 

According to this conception 3A 2 sets autosomes should be 
superfemales and tX 3 sets autosomes should be supermales 
Biudges has actually identified such t3^es both being sterile 
It is certam that this conception will exert a far reaching infiu 
ence upon the existing ideas of sex detemination In the first 
place it gives a somewhat more exact idea as to the elements 
effective in determimng sex Hitherto it had been thought 
rather vaguely that the X chromosome determines sex either per 
se or by virtue of some special factor which it contains It is 
mterestmg noi\ to realize that a number of factors may be influ 
encmg sex in one direction or the other and perhaps that these are 
identical -vMth factors which have previously been known as playing 
another role A different rate of metabolism has commonly been 
associated with the two sexes a study of the influence of specific 
factors on metabohc rate now becomes significant m this connection 
In the second place it furmshes an exact interpretation of 
mtersexes on a chromosome basis Hitherto intersexes have 
usually been interpreted in rather vague physiological terms and 
have been used as an argument against the sex chromosome theory 
(or have been harmonized with the sex chromosome theory only 
by the assumption of some additional extra chromosomal influ 
ence— Goldschmidt 13) Bridges conception now paints a 
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quantitative picture of sex without calhng upon anv other effective 
elements than the orthodox factors of inhentance that are 
located on the chromosomes Intersexes are therefore accounted 
for by the same general mechanism as normally produces only pure 
males and females in the fruit fly 

In the third place the theoretical possibihty ot artificially 
controlling sex is illuminated Such control should be possible to 
the degree that the ordinary heritable characters can successfully 
be duplicated artificially Beidges acknowledges that the en 
vironment may afiect sex within certain limits •Uthough sex 
IS fundamentally a quantitative proposition i \ 2 sets autosomes 
provides such a considerable preponderance of male inducing 
factors and 2X 2 sets autosomes provides such a preponderance 
of female inducing factors that only these two distinct qualitati\ e 
conditions are visualized under ordinary circumstances Both of 
the foregoing conditions are far from the point of equihbnum 
between the opposite types of sex influences Under such cir 
cumstances the minor influences of single factors m one direction 
or the other produce no appreciable effect \s a matter of fact 
a factor mutation in the germ plasm or an unusual combination 
of extrinsic physiological conditions might intervene to influence 
a male individual toward femaleness (or vice \ersa) but the 
individual is so preponderantly male that the effect oi these 
minor influences are not noticeable 

On the other hand in those individuals (the intersexes) where 
the male inducing and female inducing factors are near the point 
of equilibrium the minor influences of single factors m one direc 
tion or the other become noticeable In such an mdi\idual an 
unusual combination of extrinsic physiological conditions ma\ 
swing the individual more toward maleness or more toward female 
ness and these deviations will be observed This idea is borne 
out by the actual facts since the influence of environmental 
conditions upon the grade of sex in Brk)GES intersexes is notice 
able but the same conditions do not produce noticeable effects 
upon the normal males and females The mtersexes representing 
a condition near an equilibnum between opposite factor mflu 
ences are more responsive to environmental differences more 
fluctuating than are the normal males and females 
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One might then assume that in organisms where the unisexual 
condition has existed for some time back in phylogeny a definite 
sex chromosome mechanism has been established This mecha 
msm msures (normally) the production of two types of individuals 
in equal numbers those which aie preponderantly males and those 
which are preponderantly females The grade of sex does not 
appear to fluctuate in response to varying environmental influences 
since these influences are relatively insignificant in such cases 
In other organisms however which have more recently been 
evolved from bisexual ancestors a regular sex chromosome mecha 
msm has not yet been perfected The appropriate machinery is 
not yet at work to produce individuals which are preponderantly 
male and individuals which are preponderantly female in equal 
numbers Instead sex is being influenced by numerous factors 
which are distnbuted sporadically rather than in organized groups 
as in the frmt fly The net effect of these factor influences is 
commonly near to the point of equilibrium so that the organism 
is more responsive to environmental influences on sex grade 
Under such conditions the sex grade and the sex ratio may be 
susceptible to a certam amount of artificial control through manip 
ulation of the effective environmental influences 

Finally this ^ ork of Bridges casts a new light upon the whole 
subject of unit characters Careful investigation of flies which are 
tnploid with respect to one or more chromosome sets leads 
Bridges to draw the same general conclusions with regard to 
other so called imit characters that he drew with regard to the 
character of sex Many characters have their degree of develop 
ment influenced not merely by the presence or absence of certain 
single genes but by the net effect of the influences of numerous 
genes It is true that there is commonly one gene that exerts a 
greater influence on the character m question than do any other 
genes and it is qmte common that all the other genes may be 
constant m their presence or absence so that only the effects of 
the one gene are noticeable and we identify it as the determmer 
of the character m question In such cases the equilibrium of 
opposmg influences is normally bemg affected to a perceptible 
degree only by the presence or absence of a single gene Abnormal 
situations however may arise as the result of non disjunction of 
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certain chromosome sets This by introducmg a relatively 
greater number of genes which have a positive influence (or 
negative as the case may be) may modify the degree of expression 
of the character m question so that it shows a grade not previously 
seen 
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